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NEWS 


10 News at a glance 


12 IN ITS SECOND YEAR, 

MARCH FOR SCIENCE GROWS UP 
This year’s event, set for 14 April, 
is only one element in a global 
pro-science movement By J. Mervis 


13 UNIVERSITY IS QUICK TO 
DISCLOSE MISCONDUCT 

The Ohio State University wins 
plaudits for unusually rapid 
transparency By A. McCook 


14 HUMANE STUDIES OF OCTOPUSES 
GET A BOOST 

By identifying effective anesthetics, 
findings aid compliance with 
regulations By D. Staaf 

> PODCAST 


16 ROCKY START FOR CHINA’S 
JAMES WATSON CENTER 

A new center named for the Nobel 
laureate faces funding and mission 
challenges By D. Normile 
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17 NIH LOOKS TO PUNISH REVIEWERS WHO 
VIOLATE CONFIDENTIALITY 

Agency re-reviewed dozens of funding 
proposals after officials discovered a 
violation of the rules By J. Brainard 


18 A DELICATE BALANCE 

Routinely giving antibiotics to 
premature babies may do more harm 
than good By M. Broadfoot 


22 EDGE OF EXTINCTION 

India’s paleontologists are struggling 
to save fossil sites—and their own 
discipline By S. Kumar 


24 A one-man fossil rescue mission 
By S. Kumar 


INSIGHTS 


26 NEXTGEN VOICES: A POSTDOC’S PURPOSE 


28 MICROPLASTICS RESEARCH— 
FROM SINK TO SOURCE 

Microplastics are ubiquitous not just 
in the ocean but also on land and in 
freshwater systems By C. M. Rochman 
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30 SUPPORTING RECOVERY FROM 

BRAIN INJURY 

A window of therapeutic opportunity 
could widen beyond the initial phase of 
brain injury By S. Rumpel 

> RESEARCH ARTICLE P. 50 


31 LATTICES FOR FRACTIONAL CHERN 
INSULATORS 

Topological order beyond Landau levels 
is seen in encapsulated bilayer graphene 
By C. Repellin and N. Regnault 

> REPORT P. 62 


33 ESCRTS OFFER REPAIR SERVICE 

A cellular membrane remodeling 
machinery repairs damaged organelles 
By M. G. Gutierrez and J. G. Carlton 

> RESEARCH ARTICLE P. 49 


34 UP CLOSE WITH HERPESVIRUSES 
Two high-resolution structures reveal 
how ~3000 proteins are arranged in 
the herpes simplex virus capsid 

By E. E. Heldwein 

> RESEARCH ARTICLES PP. 47 & 48 


36 LRRK2 KINASE IN PARKINSON’S 
DISEASE 

Defects in vesicular trafficking and 
immune responses are found in 
Parkinson’s disease By D. R. Alessi and 
E. Sammler 


38 TESTING INTERNATIONAL 
EDUCATION ASSESSMENTS 

Rankings get headlines, but often 
mislead By J. D. Singer and H. I. Braun 
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41 REVISITING A TRAGEDY AT GOMBE 
Haunting clues suggest psychological 
distress preceded a researcher’s 1969 
death at Goodall’s African research 
center By M. Stark-Rodenburg 


42 2001, 50 YEARS LATER 

A new book celebrates the making 
of the iconic space odyssey and its 
enigmatic director By J. P. Telotte 
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IN BRIEF 


44 From Science and other journals 


RESEARCH ARTICLES 


STRUCTURAL BIOLOGY 

47 Structure of the herpes simplex 
virus 1 capsid with associated 
tegument protein complexes 
X. Dai and Z. H. Zhou 
RESEARCH ARTICLE SUMMARY; FOR FULL 
TEXT: dx.doi.org/10.1126/science.aao7298 


48 Cryo-EM structure of a herpesvirus 
capsid at 3.1A S. Yuan et al. 
RESEARCH ARTICLE SUMMARY; FOR FULL 
TEXT: dx.doi.org/10.1126/science.aao7283 

> PERSPECTIVE P. 34 


49 CELL BIOLOGY 

Triggered recruitment of ESCRT 
machinery promotes endolysosomal 
repair M. L. Skowyra et al. 

RESEARCH ARTICLE SUMMARY; FOR FULL TEXT: 
dx.doi.org/10.1126/science.aar5078 
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50 NEUROSCIENCE 

CRMP2-binding compound, edonerpic 
maleate, accelerates motor function 
recovery from brain damage 

H. Abe et al. 
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58 NITROGEN CYCLE 

Convergent evidence for widespread 
rock nitrogen sources in Earth’s surface 
environment B. Z. Houlton et al. 
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62 TOPOLOGICAL MATTER 
Observation of fractional Chern 
insulators in a van der Waals 
heterostructure E. M. Spanton et al. 
> PERSPECTIVE P. 31 


67 SOLAR CELLS 

Light-induced lattice expansion leads to 
high-efficiency perovskite solar cells 

H. Tsai et al. 


71 BIOCATALYSIS 
Enzymatic construction of highly 
strained carbocycles K. Chen et al. 


75 ORGANIC CHEMISTRY 

Modular radical cross-coupling with 
sulfones enables access to sp?-rich 
(fluoro)alkylated scaffolds 

R. R. Merchant et al. 


81 NEURODEVELOPMENT 


Early emergence of cortical interneuron 


diversity in the mouse embryo D. Mi et al. 


PALEOANTHROPOLOGY 

86 Environmental dynamics during the 
onset of the Middle Stone Age in 
eastern Africa R. Potts et al. 


90 Long-distance stone transport and 
pigment use in the earliest Middle 
Stone Age A. S. Brooks et al. 


95 Chronology of the Acheulean to 
Middle Stone Age transition in 
eastern Africa A. L. Deino et al. 


99 STEM CELLS 

Cell cycle heterogeneity directs the 
timing of neural stem cell activation 
from quiescence L. Otsuki and A. H. Brand 


102 MOLECULAR BIOLOGY 
Real-time imaging of DNA loop 
extrusion by condensin M. Ganji et al. 
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106 STEM CELLS 

Hepatic thrombopoietin is required for 
bone marrow hematopoietic stem cell 
maintenance M. Decker et al. 


111 ANCIENT GENOMES 

Ancient genomes revisit the ancestry 
of domestic and Przewalski’s horses 
C. Gaunitz et al. 
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9 EDITORIAL 
Science for state legislatures 
By Mary E. Maxon and Bruce Alberts 


122 WORKING LIFE 


No one is an island 
By Luke O’Loughlin 


ON THE COVER 


Przewalski’s horses, 
represented by this 
mare and foal from 
Orenburg Reserve, 
Russia, are a distinct 
and endangered lineage 
previously thought 

to have purely wild 
origins. Archaeological 
and ancient genomic evidence now reveals 
that the earliest domesticated horses found 
in the Botai culture, Kazakhstan (5500 
years ago), are likely the direct ancestors 
of Przewalski’s horses rather than modern 
domestic stock. See page 111. 
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EDITORIAL 


Science for state legislatures 


ext week on 14 April, the March for Science will 
once again demonstrate the widespread public 
support for science around the world. Nowhere 
is this message more needed than in Washing- 
ton, D.C., where the federal government contin- 
ues to ignore the value of independent science 
advice to inform decision-making. Given this 
lack of expertise at the national level, it is critical to 
bolster the role of science in policy-making at the state 
government level. Here, California can lead by example. 

Lawmakers must often evaluate scientific and tech- 
nical information when making decisions, but such 
information can easily be 
misused, misrepresented, or 
ignored. Forty-five years ago, 
the American Association 
for the Advancement of Sci- 
ence (AAAS, the publisher of 
Science) launched its Science 
and Technology (S&T) Policy 
Fellowship Program, which 
has since enabled thousands 
of Ph.D. scientists, engineers, 
and physicians to work for 
a year for the U.S. govern- 
ment. Many of these fellows 
switched careers to populate 
the government, thereby con- 
necting the scientific com- 
munity to critical societal 
issues. Can the impact of 
these national-level fellows be 
mimicked at the state level? 
Nearly a decade ago, a similar 
program was created for the 
California state legislature— 
the California S&T Policy Fellows Program (on whose ad- 
visory committee we serve)—which could inspire other 
states to develop similar fellowships. 

California’s economy is larger than that of all but five 
nations, and its legislature is composed of a Senate with 
40 members and an Assembly with 80 members. The 
state’s economy is highly dependent on S&T, but there 
have been few individuals with a science or technology 
background associated with its legislature. Consequently, 
in 2009, the Gordon and Betty Moore Foundation pro- 
vided a grant to the California Council on S&T to imple- 
ment an annual S&T Fellowship Program. Each year, this 
program selects, trains, and places 10 Ph.D’s or M.D’s as 
California S&T Policy Fellows who serve as full-time leg- 
islative staff for a year. 


*B. Alberts et al., Proc. Natl. Acad. Sci. U.S.A. 115, 1952 (2018). 


“The Fellows also helped 
policy-makers understand 
‘science as a second language.’” 


A key metric for determining the effectiveness of the 
Fellows is evidence that their input directly affected 
legislation. In a recent survey of 67 former California 
S&T Policy Fellows, 56% reported that they provided in- 
put related to incorrect technical interpretations that 
resulted in weekly or monthly course corrections by leg- 
islative offices. Former legislators revealed that working 
with the Fellows added value to their offices in many 
ways, including proposing ideas for bills that relate to 
high-value job creation. The Fellows also helped policy- 
makers understand “science as a second language.” It 
is particularly impressive that 47% of the Fellows were 
hired into the state legisla- 
ture after completing their 
1-year fellowship; another 
9% were hired into executive 
branch offices in California.* 

We and other scientists 
who have been involved 
with the California S&T 
Policy Fellows Program from 
the start find it both sober- 
ing and instructive to re- 
call the difficulty in finding 
places for the initial 10 Fel- 
lows. The good news is that 
attitudes have changed since 
2009, and Fellows are now 
in great demand. Moreover, 
because of daily contact 
with these knowledgeable 
individuals, both the legis- 
lature’s appreciation of sci- 
entists and its use of science 
for decision-making have 
dramatically improved. 

The establishment of S&T fellowship programs in 
other states could greatly increase evidence-based 
policy-making and not only benefit state policy-mak- 
ers but also help to inform national policy-making and 
society as a whole. The California S&T Policy Fellows 
are currently supported on an annual basis through 
gifts from supportive individuals and private founda- 
tions. Many more funders should invest in “spreading 
scientists” to government at the state level to convey 
the benefits of science to society, especially when such 
critical advice at the national level seems sidelined. 
The federal government could certainly use some good 
role models right now. 


- Mary E. Maxon and Bruce Alberts 
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&& Ernie Moniz and Steve Chu are geekier by a factor 


of 10, but the message is the same. 99 


Audience member, quoted by E&E News, reacting to U.S. Energy Secretary Rick Perry's 
speech supporting basic research funding, as his predecessors did. 


I N B R I E F Edited by Jeffrey Brainard 


AIR QUALITY 


United States to ease car emission rules 


10 


The administration will rewrite fuel economy standards designed to cut carbon emissions. 


.S. President Donald Trump’s administration last week an- 
nounced it intends to roll back tough auto mileage standards 
championed by former President Barack Obama to combat cli- 
mate change. The standards, released in 2012, called for dou- 
bling the average fuel economy of new cars and light trucks, to 
23.2 kilometers per liter by 2025. The Environmental Protection 
Agency (EPA) estimated the rules would prevent about 6 billion tons 
of carbon emissions by 2025. But on 2 April, EPA Administrator Scott 
Pruitt said the agency would rewrite the standards, arguing that 
Obama’s EPA “made assumptions ... that didn’t comport with reality, 
and set the standards too high.” In a formal finding, Pruitt argued the 
standards downplay costs and are too optimistic about the deploy- 
ment of new technologies and consumer demand for electric vehicles. 
Clean car advocates disputed many of Pruitt’s claims, noting that auto 
sales have been strong despite stiffer tailpipe rules. “Backing off now 
is irresponsible and unwarranted,” said Luke Tonachel of the Natural 
Resources Defense Council in Washington, D.C. Pruitt’s move could 
also set up a legal clash with California state regulators, who have em- 
braced the Obama-era standards and say they want to keep them. 
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France plans to compete in Al 


COMPUTER SCIENCE | French President 
Emmanuel Macron on 29 March 
announced a plan to turn his country into 
a world leader for research and innovation 
in artificial intelligence (AJ), a field domi- 
nated by the United States and China. It 
calls for a €1.5 billion investment through 
2022, a handful of specialized institutes, a 
focus on ethics and open data, and recruit- 
ment of foreign researchers and French 
scientists working abroad. Like Macron’s 
2017 climate research initiative, “Make Our 
Planet Great Again,” the AI plan is aimed 
at curbing the hemorrhage of talented 
researchers from France. The measures are 
largely based on recommendations in a 
new report by France’s star mathematician 
Cédric Villani, a member of Parliament 
who belongs to Macron’s political bloc. The 
European Union is set to unveil its own AI 
strategy on 25 April. 


Uproar over ‘alien’ skeleton study 


RESEARCH ETHICS | Chilean scientists 

have questioned the legal and ethical basis 
for a study published in Genome Research 
last month, which sequenced DNA from 

a 15-centimeter-tall skeleton found in the 
country’s Atacama Desert in 2003. Ufologists 
have long claimed its origin is extra- 
terrestrial, but the study’s authors, based at 
Stanford University in Palo Alto, California, 
and the University of California, San 
Francisco, concluded it was a human fetus 
with several genetic mutations. Critics now 
say the research was unethical because grave 
robbers likely removed the skeleton from its 
resting place, and some scientists are calling 
for the paper’s retraction. In a statement, 

the editors of Genome Research stood behind 
the paper but acknowledged the need for 
“further discussion and agreement on rules 
of usage” for human remains. The Chilean 
government has said it will investigate how 
the remains were first uncovered. 


Upright walking started early 


ANTHROPOLOGY | Early members of the 
human family, or hominins, were walking 
upright with an efficient, straight-legged 
gait some 4.4 million years ago, new 
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research indicates. Some previous stud- 
ies have portrayed early human ancestors 
as weird walkers, swaying from side 

to side; and paleoanthropologists have 
argued that hominins such as the famous 
3.1-million-year-old Lucy weren’t graceful 
on the ground because they retained traits 
for climbing trees, such as long fingers 
and opposable toes. But other scientists 
contend that natural selection would have 
quickly favored adaptations for efficient 
walking, given the dangers on the ground. 
To test these hypotheses, researchers 
compared how modern humans, apes, and 
monkeys use their hips, leg bones, and 
muscles when they walk—and then used 
those data to reconstruct how ancient 
hominins would have walked. Lucy and 
other members of Australopithecus likely 
had the same range of motion as modern 
humans do, they report in this week’s 
issue of the Proceedings of the National 
Academy of Sciences. 


Can you guess the mix in a mutt? 


ANIMAL BEHAVIOR | It’s not hard to tell 

a poodle by its curls, a greyhound by its 
deep narrow chest, or a pug by its flattened 
snout. But can people guess the ancestors 
of mixed-breed dogs? Researchers working 
with Darwin’s Dogs, a citizen science effort 
focused on the genetics of canine behavior, 
want to know. On 16 April, they’ll launch 
the MuttMix project, where volunteers try to 
identify the top three breeds in the ancestry 
of dogs that have undergone genetic tests. 
The project’s leader, bioinformatician Elinor 


Our perception of mixed-breed dogs may influence their behavior. 
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Karlsson of the University of Massachusetts 
Medical School in Worcester, says the 

data will help her team assess how people 
perceive and react to dogs based on precon- 
ceptions about breed characteristics, and 
how much of dog behavior is driven by the 
way we tend to treat and train them. 


French balk at journal fees 


ACADEMIC PUBLISHING | After 13 months 
of negotiations with German publisher 
SpringerNature, about 100 French universi- 
ties, institutes, and hospitals won’t renew 
their contract for almost 1200 Springer 
journals. The group, united in a consortium 
named Couperin.org, refuses to pay “ever 
more astronomical sums” for the subscrip- 
tions, which are a “threat to research,” 

says a strident 30 March press release. 
Prices should go down, says chief negotia- 
tor Sandrine Malotaux, because authors 

of 8% of Springer’s 2017 papers paid to 
make them open access (OA), up from 3% 
in 2014. A SpringerNature spokesperson 
says the company is “disappointed,” but 
that journal prices already factor into OA 
papers. Consortium members will retain 
access to the journals pending further talks. 


Biobank studies to be blended 


BIOMEDICINE | At least 60 studies around 
the world have enrolled, or plan to enroll, 
at least 100,000 people and follow them 
for years to study links between genes, 
lifestyle, and health. Last week, researchers 
met in Durham, North Carolina, to 

discuss how to share data 
across these large cohort 
studies, sometimes called 
biobanks. Ranging from 
the UK Biobank (500,000 
participants) to India’s 
Barshi cohort (21,000 

and counting), these 
studies already span more 
than 25 million people and 
have plans to enroll up 

to 36 million. Study leaders 
from 25 nations talked 
about data security, DNA 
sequencing strategies, 
assays that could be used 
across cohorts, and possible 
pilot projects, such as 
testing participants for 
inherited cancer genes. The 
participants may eventually 
share anonymized data 
about individuals as part 
of what they’re calling 

“a global platform for 
translational research.” 
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How to use CO., not waste it 


Every year humanity wastes billions 

of metric tons of carbon dioxide (CO,) 
emitted from burning fossil fuels—but 
what if we could turn it into something 
useful? By adding electricity, water, and 

a variety of catalysts, scientists can 
reduce CO, into short molecules such 

as methane, which can then be used to 
produce fuels and consumable plastics. 
Writing last week in Joule, researchers 
explored the future of these technologies, 
and Science talked with one of the 
authors, materials scientist and graduate 
student Phil De Luna at the University of 
Toronto in Canada, to find out more. A 
longer version of this interview is available 
at https://scim.ag/CO2recycling. 


Q: Why CO; recycling? 

A: | could imagine a day when the entire 
energy mix is fueled by renewable 
energy sources, and then... CO, 
becomes a way to store renewable 
energy, in chemical form, over long 
periods of time, in a stable way. And 
that’s kind of the goal—to have CO, be a 
carrier of energy rather than just being 
a waste or an emission. ... The idea 
stems from artificial photosynthesis: 
Whereas nature has been able to take 
light, CO,, and water and create food, 
we're looking at ways of engineering 
devices to take CO.,, renewable energy, 
and water and reduce that into more 
value-added products. 


Q: Are any recycling technologies 
available to use now? 

A: The scale-up and the advancements 
that have been happening in the 

last couple of years are really quite 
incredible. In terms of how close we are 
to industrial impact—it’s really a matter 
of maybe 5 to 10 years. 


Q: Which technology will ultimately 
win out? 

A: At the end of the day, it’s always 
going to be the market—which tech- 
nology can get enough industrial 
sponsorship and acceptance from 
industry. ... These large energy com- 
panies are looking for ways to diversify 
their portfolios and technology. And this 
idea ... fits perfectly into what they're 
skilled at, and it really hedges the bets 
against becoming irrelevant. 


S SCIENCEMAG.ORG/NEWS 
Read more news from Science online. 
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SCIENCE ACTIVISM 


In its second year, March for Science grows up 


This year’s event, set for 14 April, is only one element in a global pro-science movement 


By Jeffrey Mervis 


he March for Science, which drew 

more than a million people to streets 

around the world last April in reac- 

tion to the policies of newly elected 

US. President Donald Trump, shows 

signs of becoming a movement. This 
year’s events, set for 14 April, will likely fea- 
ture fewer sites and smaller crowds, both at 
the flagship march in Washington, D.C., and 
elsewhere. Even so, the movement is mor- 
phing from a single day of grassroots mass 
protest into sustained global expressions of 
support for science. 

The ad hoc, all-volunteer body that co- 
ordinated last year’s events has grown into 
an international organization with a paid 
staff of 10 and a mailing list of 230,000. 
(AAAS, which publishes Science, is a major 
sponsor.) Its activities now include online 
petitions to legislators on timely topics (a 
letter last week urged Congress to support 
research on gun violence), a Vote for Sci- 
ence campaign that highlights a differ- 
ent issue each month, and an upcoming 
national summit for local activists. Next 
month, the group will award its first co- 
hort of small grants to seed a handful of 
grassroots projects. 

Last year’s march took place on Earth 
Day; this year, the organizers decided to 
avoid that overlap. “Earth Day is a very 
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powerful event, and we decided to let it 
stand on its own,” says Caroline Weinberg, 
one of the founders of the March for Sci- 
ence and the interim executive director of 
the overall organization. 

Many of the hundreds of groups that 
sprang up outside Washington, D.C., to or- 
ganize the 2017 marches are diversifying. 
Some have tapped into the enthusiasm, 
and contributions, from last year’s march 
to create nonprofit organizations that have 
become year-round advocates for science 
in their communities. Few of this year’s 
marches are likely to match last year’s 
numbers, but that prospect doesn’t bother 
Weinberg, who is based in New York City, 
where another large event is in the works. 
“Last year the goal was to get people out 
in support of science,” Weinberg says. “This 
year, we are trying to put more emphasis 
on direct advocacy.” 

With U.S. midterm elections looming 
in November, many groups say electing 
more science-friendly candidates to local, 
state, and federal offices is a high priority. 
In San Diego, California, march organiz- 
ers received “requests from three different 
groups to set up voter registration booths, 
and we said yes to all of them,” says Navid 
Zohoury, co-lead organizer of the event and 
a chemist at Inova Diagnostics, a local bio- 
tech company. “Voter registration is playing 
a much bigger role for us this year.” 
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But Weinberg notes that “voting in No- 
vember can’t be your only activity.” San 
Diego for Science, a nonprofit that evolved 
from last year’s march there, is also promot- 
ing an initiative launched by the city’s Fleet 
Science Center. Dubbed “Two Scientists Walk 
Into a Bar,’ it features pairs of scientists talk- 
ing with patrons in 25 bars for 2 hours about 
whatever is on their minds. “We're trying to 
demystify science,’ says Zohoury, who hopes 
the trademarked “Two Scientists” will be- 
come a nationwide phenomenon. 

In Oklahoma City, science advocates won’t 
be staging a march on 14 April. Last month, 
organizers rescheduled their event for the 
fall in anticipation of a statewide teachers 
strike that began this week. Now, a Vote for 
Science fair will be used as “a lead-up to the 
general election,’ with demonstrators mak- 
ing their presence felt at the state capital, 
says Jocelyn Barton, a clinical psychologist 
and president of the local March for Sci- 
ence group. An April march would also have 
strained the capacity of that group’s more 
activist members, she admits. The strike “is 
where all the energy is right now,’ she says. 

Many other sites have altered their march 
plans, as well. Some have shifted from a 
march to a rally or fairlike event to keep costs 
down or because other events claimed their 
preferred venues. Others have succumbed to 
“march fatigue” after a year of activism in re- 
action to the Trump administration. 
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March for Science organizers want next week’s event 
to leave a legacy beyond abandoned signs. 


There are now marches “going on prac- 
tically every weekend, so burnout is defi- 
nitely a factor,’ says Mark Shapiro, a retired 
physicist at California State University in 
Fullerton, who this year is reprising his role 
as lead organizer of the Fullerton march. 
The effort required takes its toll on volun- 
teers, he notes: His march is the only one 
scheduled this year for Orange County, 
which hosted four last year. 

European organizers are also expecting 
many fewer marches, and some countries 
won't be holding any. “Fake news every- 
where, poor budgets, little recognition from 
the society: It’s all exhausting,’ says Léa 
Verdiére, a graduate student in biology at 
the University of Rennes in France who 
heads the team planning a 3-hour march 
there. “Ironically, those are also some of the 
reasons why we will march.” 

Randy Caldwell, an organizer in Munich, 
Germany, says his city’s marchers want to 
highlight the value of science to society, 
rather than simply attacking its critics. It 
will be “more of a pro-fest than a protest,” 
Caldwell says. The lack of strong support 
for the event from any of the city’s major 


We are 
scientists. 


Ask us 
anything! 


SCIENTISTS 
NTO A BAR 


Lists. 25 Bars, One night. 


Walk Into a Bar” initiative. 


universities, he adds, “shows why march- 
ing on is so important.” 

Australian organizers are expecting about 
the same number of local marches as last 
year, and hoping for the same positive public 
reaction. “We encourage everyone to come 
out and show their support,’ says Taylor 
Szyszka, a graduate biochemistry student at 
the University of Sydney and spokesperson 
for the March for Science Australia. 

Mexican organizers hope the growing 
number of marches, from 12 to at least 14, 
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Organizers of the San Diego, California, march participate in 
public outreach events, such as the trademarked “Two Scientists 


will help focus attention on the problems 
facing the nation’s academic scientists. 
“Nothing has changed for good, only bad,” 
since last year’s event, says Camilo Alcantara 
Concepcion, biology professor at the Uni- 
versity of Guanajuato in Mexico. Some cities 
will be seeing their first science marches. 

Elsewhere, however, local organizers are 
starting to discuss whether a march is the 
best vehicle to sustain support for science. 
“We might be in a transition year,’ says 
Angela Jordan, president of the March for 
Science in Mobile, Alabama. “Last year we 
marched and heard from speakers,” says 
Jordan, a research development coordi- 
nator at the University of South Alabama 
there. “This year we want it to be more of 
a science festival,’ with interactive events 
for the public and posters from winning 
student science fair projects supplementing 
the rally. 

National organizers have also spent 
months thinking about ways to comple- 
ment next week’s march on the National 
Mall in Washington, D.C., which will fea- 
ture such speakers as oceanographer and 
climate advocate David Titley, dancer and 
chemist Crystal Dilworth, astrophysicist 
Hakeem Oluseyi, and public health policy 
professor Susan Sorenson. In July, U.S. or- 
ganizers hope to ride the grow- 
ing wave of science activism 
with a 3-day “March for Science 
Summit” in Chicago, Illinois. 
The meeting “is all about skill- 
building” for outreach, organiz- 
ing, and advocacy, says Stephanie 
Fine Sasse, a national staffer 
based in San Francisco, Califor- 
nia, who’s leading the planning. 
She’d like participants to “leave 
the meeting with the feeling 
that they can do something they 
couldn’t do before.” 

Fine Sasse is also coordinating 
the group’s first wave of commu- 
nity grants. The initial commit- 
ment of $10,000 comes from the 
sales of a book, Science Not Si- 
lence: Voices from the March for 
Science Movement, that captured 
the 2017 march in words and pic- 
tures. She hopes additional fundraising will 
allow the grants programs to grow. 

Despite the changing shape of the March 
for Science, its leaders think the name will 
remain relevant. “Over time it may become 
a metaphor,’ Fine Sasse says. “But for now, 
the March for Science serves its purpose as a 
branding tool and a way to gain visibility.” 


With reporting by Dennis Normile in Shang- 
hai, China; Lizzie Wade in Mexico City; and 
Hinnerk Feldwisch-Drentrup in Berlin. 


Corrected 5 April 2018. See full text. 
Published by AAAS 


RESEARCH INTEGRITY 


University 
is quick to 
disclose 


misconduct 


The Ohio State University 
wins plaudits for unusually 
rapid transparency 


By Alison McCook, Retraction Watch 


n an unusual move, The Ohio State 

University (OSU) in Columbus last 

week released a detailed account 

of the scientific misbehavior of one 

of its former faculty members. The 

75-page report was damning: It con- 
cluded that cancer researcher Ching-Shih 
Chen—once lauded as an “Innovator of the 
Year” and the winner of millions of dol- 
lars in federal funding—had committed 
misconduct in eight papers. The problems 
prompted the university to suspend a clini- 
cal trial of an anticancer compound Chen 
had identified, and led to his resignation 
last September. 

Typically, the public might not have 
learned any of these worrying details for 
months or years. Most institutions conduct 
misconduct investigations privately and 
then—if the federal government funded 
any of the affected research—forward the 
results to the relevant funding agencies. 
The agencies can then take their time in 
deciding how to respond, and when to re- 
lease the findings. 

In this case, however, OSU officials opted 
to short-circuit that process. In their report, 
they announced Chen was guilty of “devi- 
ating from the accepted practices of image 
handling and figure generation and inten- 
tionally falsifying data” in 14 instances. OSU 
recommended all eight affected papers be 
retracted immediately. 

The report’s release won praise from ad- 
vocates of transparency. But the applause 
came in the wake of criticism of how OSU 
has handled other recent cases of alleged 
and proven misconduct. In 2011, for exam- 
ple, federal officials asked the university 
to redo an investigation of a pharmacy re- 
searcher, according to The Columbus Dis- 
patch. The school had initially concluded 
that problems with some published images 
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were due to the researcher’s disorganiza- 
tion, but the re-examination concluded 
they were the result of misconduct. Last 
year, a former associate professor resigned 
after an investigation into a now-retracted 
paper that incorrectly reported injuries 
related to the CrossFit workout program, 
prompting lawsuits. 

And in March 2017, The New York Times 
reported that OSU had conducted at least 
five probes of Carlo Croce, a star oncologist 
whose published findings have been called 
into question. To date, he has retracted 
eight papers and issued 15 corrections. 
The university has not censured Croce, but 
school officials, stung by the article, hired 
a law firm to conduct a review 
of how the institution dealt 
with allegations of research 
misconduct, including those 


“We thought 


stitutes of Health, as Chen was. But ORI 
“can’t overturn the institution’s determina- 
tion,” Yucel notes. Plus, she adds, “There is 
a push for better transparency and better 
understanding of these investigations.” 

The move was part of OSU’s ongoing ef- 
forts to find better ways to tackle research 
integrity problems, says Susan Garfinkel, 
the university’s assistant vice president 
for research compliance, who oversaw 
investigations at ORI until last year. “It’s 
not surprising that any major institution 
wants to be proactive in managing these 
[misconduct] problems,’ which exist at 
many institutions, Garfinkel says. “In fact, 
it’s what everyone should be doing.” 

OSU is also sponsoring a 
1-day summit on research in- 
tegrity this fall for research- 
ers, funders, publishers, and 


against Croce. The school has it was very others. It is also providing 
declined to share the full re- e electronic lab notebooks to 
port, but did release a sum- important for all researchers and instruc- 
mary that stated OSU had the community tors, to ease record keeping 
“reached reasoned and sup- ° and make researchers’ tracks 
portable conclusions” about to have this easier to follow. 

Croce’s work. Croce, mean- information.” C. K. Gunsalus, director of 
while, is suing The New York the National Center for Pro- 
Times for defamation. Jennifer Yucel, The fessional & Research Ethics 

Ohio State University 


OSU’s proactive disclosure 
about Chen was a turnabout. 
The findings were likely to affect many co- 
authors and others, so the school saw no 
reason to wait, says Jennifer Yucel, the 
university’s research integrity officer. “We 
thought it was very important for the 
community to have this information,” she 
says. OSU is sending its findings to the 
federal Office of Research Integrity (ORI), 
which handles misconduct cases involving 
researchers funded by the National In- 


Investigators concluded cancer researcher 
Ching-Shih Chen had committed misconduct 
in eight papers. 
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at the University of Illinois 
in Urbana, says OSU officials 
may have decided on openness because it 
was the best way to burnish their public 
image. But, she says, “It’s to their credit 
that theyre making their judgment on 
their own standards” and not waiting 
for ORI to validate their findings. She 
can recall just “a handful of times” that 
other universities have opted for such 
prompt transparency. 

Unfortunately, Gunsalus doesn’t expect 
many other institutions to follow suit. “I 
wish I thought so,” she says. But “institu- 
tions right now are sufficiently risk-averse 
and publicity-aware,” Gunsalus says. “If 
they can avoid releasing [investigation re- 
ports], they do.” 

Chen, meanwhile, has also resigned from 
Academia Sinica in Taiwan, where he di- 
rected the academy’s Institute of Biological 
Chemistry from 2014 to 2017, according to 
the Taipei Times. That institution is plan- 
ning its own investigate of his work. 

The suspended clinical trial involving 
Chen’s anticancer compound can resume, 
according to an outside consultant that 
examined the issue. The consultant con- 
cluded that, despite the flawed papers, 
the trial could proceed “without any risk 
to patients.” 


Alison McCook is the editor of Retraction 
Watch, which produced this story as part 
of a collaboration with Science. 
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ANIMAL RESEARCH 


Humane 
studies of 
octopuses 
get a boost 


By identifying effective 
anesthetics, findings aid 
compliance with regulations 


By Danna Staaf 
6 6 ou’re doing your surgery, but 
you don’t know if the animal 
still feels it and you’ve just 
stolen its ability to respond,’ 
says biologist Robyn Crook of 
San Francisco State University 
(SFSU) in California. Until recently, re- 
searchers working with octopuses, squids, 
and other cephalopods routinely faced this 
dilemma, an ethical and, in some cases, 
legal challenge to studying these intelli- 
gent creatures in the laboratory. But Crook 
has now shown that both ordinary alco- 
hol and magnesium chloride are effective 
anesthetics—crucial information for scien- 
tists pursuing cephalopod research. 
Cephalopods might not seem to be ideal 
laboratory animals. They’re exclusively ma- 
rine, so acomplex seawater system is needed 
to keep them alive, and they’re disinclined 
to stay put—octopuses can escape through 
minuscule holes, while squids may jet right 
out of their tanks. But their unique biology 
and behavior have made them indispens- 
able to researchers in many fields. Stud- 
ies of the squid’s giant axon helped spawn 
modern neuroscience decades ago, and the 
light organ of the bobtail squid (Euprymna 
scolopes) powered a revolution in the study 
of symbiotic host-microbe interactions. To- 
day, some researchers are studying how the 
animals accomplish their striking feats of 
regeneration, while others use them in eco- 
toxicology studies; cephalopods even guide 
research into the origins of consciousness. 
Because of their complex brains, cephalo- 
pods became the first invertebrates to be pro- 
tected by laboratory animal laws. In 1991, the 
Canadian Council on Animal Care decided to 
extend the standards for vertebrate care to 
cephalopods, meaning, among other things, 
that researchers have to get ethical approval 
for their studies and must use anesthesia, 
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when possible, for procedures that could 
cause pain. Since then, the United Kingdom, 
New Zealand, and some Australian states 
have passed similar regulations. The big- 
gest expansion of cephalopod rights came in 
2013, when an EU-wide directive gave them 
the same protections as vertebrates in scien- 
tific studies in 28 countries. 

Although the new regulations create 
extra hurdles, EU researchers have gener- 
ally been able to continue their work, says 
Graziano Fiorito, a cephalopod neuro- 
scientist at the Anton Dohrn Zoological Sta- 
tion in Naples, Italy. “We can do whatever 
research is scientifically, logically justifi- 
able,” he says. 

But a crucial question remained: Do the 
anesthetics widely used in cephalopods ac- 
tually work? Most researchers use either 
ethanol or magnesium chloride because 
they immobilize cephalopods quickly and 
the animals soon recover without lasting 
effects. But paralysis isn’t the same as anes- 
thesia, and previous studies of cephalopod 
anesthesia all used behavioral indicators as 
a measure of efficacy. None addressed the 
question of whether the animals were un- 
conscious or felt pain, Crook says. 

At workshops, European researchers 
raised what Jennifer Mather, a cephalopod 
ethologist at the University of Lethbridge 
in Canada, calls “the horrible specter” that 
the drugs might be mere muscle relaxants, 
blocking motion but not sensation. In 2017, 
Crook, who was already studying the re- 
sponse of the cephalopod nervous system 
to pain and injury, returned home from one 
of these workshops determined to set the 
specter to rest. 

Her team recorded nerve signals from 
three cephalopod species: a cuttlefish and 
two species of octopus. The experimental 
technique relied on the pallial nerve, which 
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lies just inside the cephalopod mantle cav- 
ity, transmitting signals from the mantle to 
the brain and back. Exposed and accessible, 
the nerve can be hooked up to an electrode 
noninvasively. Even so, the procedure isn’t 
always easy: “The octopuses like to pull out 
the electrode,” says collaborator Samantha 
Brophy of SFSU, and cuttlefish research “is 
like working with a cat,’ says another SFSU 
collaborator, Hanna Butler-Struben. “You 
can’t really force them to do anything.” 

Once the electrodes were hooked up, the 
team added anesthetics to the seawater in 
the animals’ tanks, then pinched their skin 
lightly at regular intervals—not exactly a 
painful stimulus, but enough to produce a 
nerve signal in a conscious animal. As the 
anesthetized animals lost their physical re- 
sponsiveness, the scientists wanted to see 
whether signals that mark the brain’s abil- 
ity to perceive sensations also disappeared. 

Magnesium chloride and ethanol both 
passed the test in all three species—though 
each with its own caveat. Magnesium chlo- 
ride cut off an animal’s physical responses 
to stimuli 15 minutes before it deadened 
the signals for sensation, leaving the ani- 
mal temporarily in a vulnerable state of 
appearing anesthetized when it wasn’t yet. 
“That was a real eye-opener for us,” Crook 
says. “That changed our practices in the 
lab.” Ethanol shut down both movement 
and sensation simultaneously—although 
not before causing the animals to tense and 
rub their tentacles in typical cleaning be- 
havior, a sign of irritation. That’s not a big 
surprise, Fiorito says: “If I put ethanol in 
your eye, even in solution, you're not going 
to be in a good state.” 

The team also tested ether, which caused 
anesthesia but had a much longer recovery 
period. It’s also hazardous for researchers, 
so Crook’s team recommends against its 


Corrected 5 April 2018. See full text. 
Published by AAAS 


=). “Thealgae octopus 

~ » (Abdopus’aculeatus) was 
one of three subjects ina® 

* study of anesthesia. 


use. Another drug candidate, MS-222, failed 
to cause anesthesia in a lower dose but was 
fatal in a higher one. A bath in chilled sea- 
water, another proposed method, didn’t 
cause anesthesia either. (On the other hand, 
they found that injections with lidocaine 
and magnesium chloride readily triggered 
local anesthesia, which might be useful in 
some experiments.) 

The data, published 20 February in Fron- 
tiers in Physiology, come as a welcome 
relief to many scientists. “This is what we 
needed,” Mather says. “I care about my ani- 
mals and I want to see them properly cared 
for.” Fiorito notes, however, that nerve sig- 
nals don’t give the full picture. Additional 
research “should show the real mechanism 
of the molecule used, and what receptors 
are silenced so that the animal can actually 
be in an anesthetized state.” 

Cephalopod research is not regulated in 
the United States, but most researchers, 
including Crook, already use magnesium 
chloride or ethanol as anesthetics when 
needed. Whether to implement official 
rules is under debate. In January, the As- 
sociation for Assessment and Accreditation 
of Laboratory Animal Care International 
proposed altering its definition of “labora- 
tory animal” to include cephalopods, but 
the Federation of American Societies for 
Experimental Biology opposed the change. 

Brophy points out that the new data 
will make it easier for researchers to fol- 
low their consciences, regardless of what 
regulations require. “You can treat cepha- 
lopods humanely when your're doing re- 
search with them,” she says. “And that 
should always be a standard, I believe.” & 


Danna Staaf is a science journalist in San Jose, 
California, and the author of Squid Empire: 
The Rise and Fall of the Cephalopods. 
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RESEARCH INSTITUTES 


Rocky start for China’s James Watson center 


A new center named for the N 


By Dennis Normile, in Shanghai, China 


here was no mistaking the guest 

of honor at a 16 March event in the 

southern Chinese city of Shenzhen. 

James Watson, the Nobel laureate 

who turns 90 this week, was front 

and center on a red-carpeted stage 
before an enormous rendering of a futuris- 
tic complex dubbed The Cheerland-Watson 
Center for Life Sciences and Technology, 
intended to rival prestigious biomedical 
research centers in the West. Flanking him 
were local officials, including a vice-mayor 
of Shenzhen, and the chairman and CEO 
of China’s CheerLand Investment Group, 
which is bankrolling the effort to launch 
the center. 

Despite the glitzy ceremony, which in- 
cluded an evening-gown clad announcer 
and a half-day conference on precision 
medicine, the ambitious effort is raising eye- 
brows—and doubts. “I left Shenzhen rather 
pessimistic that the institute would ever be 
built,’ says Watson, who wonders whether 


the necessary funding will materialize. The 
research agenda is also veering away from 
what he expected. 

The institute’s backers insist the proj- 
ect is going forward. “Within 5 years, the 
center will be having a very strong eco- 
nomic and social impact, not only in China 
but worldwide,’ says Liu Ruyin, Cheer- 
Land’s CEO in Beijing. Modeled after the 
Cold Spring Harbor Laboratory (CSHL) in 
New York where Watson served more than 
4 decades as director, president, and chancel- 
lor, the center is supposed to start operations 
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obel laureate faces funding and mission challenges 


within a year and eventually employ 1000 re- 
searchers, Liu says. 

Watson got involved in fall 2016, when 
the head of Cold Spring Harbor Asia, CSHL’s 
outpost in Suzhou, China, led a small delega- 
tion to the New York campus. Among the at- 
tendees were CheerLand representatives and 
Fu Xinyuan, a biochemist at the Southern 
University of Science and Technology (SUS- 
Tech) in Shenzhen. Fu was born in China but 
served on the faculty at Yale University and 
other U.S. institutions. His dream, he says, 
was to build an institute in China that would 
be as international as Yale and Harvard Uni- 
versity, with researchers from all over the 
world. Fu jokes he pointed out to Watson 
that there was no institute bearing his name, 
even though one in London is dedicated to 
Francis Crick, Watson’s partner in the discov- 
ery of the helical structure of DNA. 

Watson was intrigued. “I thought China 
might be the place to develop cheaper drugs,” 
he says. He also thought that “China may be 
the future, so I wanted to see it.” 

CheerLand stepped forward as a bene- 


A Shenzhen, China, research 
center named for James Watson 
will be impressive—if it gets built. 


factor. Founded in 2012 by a group of Chi- 
nese investors in the British Virgin Islands, 
CheerLand has real estate holdings and 
biotech and health care investments in the 
United States and China. It has forged part- 
nerships with research institutions, notably 
a precision medicine institute at SUSTech. 
CheerLand agreed to fly Watson to China 
and pay him a consulting fee he describes 
as “commensurate with my status.” 

Watson visited Shenzhen in April 2017 
to see possible sites for the laboratory. Af- 
ter returning home, he wrote Shenzhen 
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authorities—in a letter Fu made available 
to Science—seeking support for “The James 
Watson Center for Life Sciences and Tech- 
nology.” Watson wrote that he wanted the 
center to be the only such institute in China 
bearing his name. He would serve as “Per- 
manent Honorary Chairman” and lead the 
center’s “conceptualization, design, recruit- 
ment, and scientific research strategies.” 

Shenzhen awarded the nascent institute 
land rights to 16 hectares for 30 years. But 
misunderstandings arose. Watson thought 
the center would focus on cancer drug dis- 
covery. But an announcement on the website 
of Shenzhen’s Dapeng New District, where 
the center is located, makes one mention of 
cancer cell immunotherapy, while identifying 
“precision medicine” as a main focus. Aside 
from the land, Watson says his name “hasn’t 
drawn any money from Shenzhen.” 

Fu says Watson was “a little naive,” in his 
expectations, and that Shenzhen will want 
stronger evidence of an economic benefit 
before committing more money. 

Liu says he envisions a nonprofit research 
effort with government support, but with an- 
other arm that would commercialize results 
for investors. He says CheerLand is putting 
up $45 million for the first phase of construc- 
tion and recruitment. But that is just an ini- 
tial investment that will help raise money 
from other parties, says John Ma, director 
of investment at CheerLand’s New York City 
office. “We are confident that the Shenzhen 
government will help.’ (Science was unable 
to reach Shenzhen officials for confirmation.) 

The Cheerland-Watson Center will need a 
lot of help to live up to Liu’s dream of making 
it “bigger than Cold Spring Harbor Labora- 
tory.’ Li Guanglei, a CheerLand official han- 
dling government relations, says they are 
applying for two grants from the Shenzhen 
municipal government that could bring in 
up to $6 million annually for research over 
5 years, and are continuing to negotiate for 
unrestricted ongoing support. For compari- 
son, CSHL has a staff of about 1100 and in 
2017 spent $148 million on its research and 
educational activities. 

“I wish these people luck,” says Watson, 
who will keep working with CheerLand for 
the time being. But “I don’t think this par- 
ticular effort is going to happen unless some- 
body comes forward with a lot of money.” 


With reporting by Bian Huthui. 
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PEER REVIEW 


NIH looks to punish reviewers 
who violate confidentiality 


Agency re-reviewed dozens of funding proposals after 
officials discovered a violation of the rules 


By Jeffrey Brainard 


hen a grant application to the 

U.S. National Institutes of Health 

(NIH) in Bethesda, Maryland, 

goes through peer review, the 

entire process is supposed to be 

shrouded in secrecy. But late last 
year, NIH officials disclosed that someone 
involved in the proposal review process 
had violated confidentiality rules designed 
to protect its integrity. As a result, the 
agency announced that it would re-review 
dozens of applications that might have 
been compromised. 

Now, NIH says it has completed re-eval- 
uating 60 applications—and has begun 
taking disciplinary action against research- 
ers who broke its rules. It has also cast a 
broader net for violations. 

“We are beginning a process of really 
coming down on reviewers and applicants 
who do anything to break confidentiality 
of review,” Richard Nakamura, director of 
NIH’s Center for Scientific Review (CSR), 
which manages most of NIH’s proposal re- 
views, said last week. Targets could include 
“applicants who try to influence reviewers 
... Lor] try to get favors from reviewers.” 
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“We hope that in the next few months 
we will have several cases” of violations 
that can be shared publicly, Nakamura 
told Science at a 26 March meeting of 
CSR’s advisory council. He said such cases 
are “rare, but it is very important that we 
make [them] even more rare.” 

This year, CSR recruited more than 
18,000 researchers to serve on its dozens 
of review panels, which score more than 
61,000 applications for funding. Every re- 
viewer is required to sign a statement cer- 
tifying that they have read and will abide 
by NIH’s confidentiality rules, which bar 
“disclosing, in any manner, information 
about the committee deliberations, discus- 
sions, evaluations, or documents to anyone 
who has not been officially designated to 
participate in the peer review meeting.” 

Michael Lauer, NIH’s deputy director for 
extramural research, disclosed in a 22 De- 
cember 2017 blog post that those rules had 
been violated. He and other NIH officials 
have declined to say how the agency discov- 
ered the violations or how many grant ap- 
plications, peer reviewers, or review panels 
were involved. And they were mum on what 
punishments they had in mind for anyone 
who violated the rules. 
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The National Institutes of Health says it will crack 
down on anyone who tries to manipulate peer review. 


But some details emerged at last week’s 
CSR advisory council meeting. The 60 pro- 
posals that NIH asked a new group of re- 
viewers to rescore were originally handled 
by a single review panel during a single 
round of reviews, Nakamura said. “There 
was an attempt to influence the outcome of 
the review,” he said. The effect on the out- 
come “was sufficiently ambiguous that we 
felt it was necessary to redo the reviews.” 

Nakamura also described the types of 
violations of confidentiality NIH has de- 
tected. They included “reciprocal favors,” 
he said. He didn’t elaborate, but the term 
typically means that an applicant offered a 
favor to a reviewer in exchange for a favor- 
able evaluation of a proposal, or vice versa. 

In at least one case, an applicant learned 
the “initial scores” given to a proposal, 
Nakamura said, and the names of the re- 
viewers assigned to a proposal before a re- 
view meeting took place. Both details are 
supposed to be secret. Nakamura also re- 
ported that a scientific review officer—an 
NIH staff member who helps run a review 
panel—inappropriately changed the score 
that peer reviewers had given a proposal. 

As for disciplining those involved, 
Nakamura said, “We try to do something 
that’s fairly graded in this process.” NIH 
rules suggest possible sanctions could in- 
clude suspending or barring violators from 
obtaining federal research funds. 

As it continues to investigate confidenti- 
ality breaches, NIH has been emphasizing 
its rules for protecting the integrity of peer 
review. “In the past year there has been 
an internal decision to pursue more cases 
and publicize them more,” Nakamura said. 
“What we’re trying to do is to be more as- 
sertive more broadly on violations of ap- 
propriate behavior in peer review.” 

Members of the CSR council generally 
encouraged NIH to provide more training 
for reviewers about the rules. Some sug- 
gested, though, that rule-breaking was tac- 
itly encouraged by the practices on some 
standing review panels, and that educa- 
tional efforts would be needed to change 
that culture. 

“One thing I’ve seen is that members 
of study sections will go have a drink [after 
the meeting], and they’ll be sitting around 
and discussing what happened,” said coun- 
cil member José Lopez of the University 
of Washington in Seattle. “But then other 
people [not on the review panel] join, 
and the discussion continues. ... If every- 
one does it, then it seems OK. It really 
needs a cultural change at the level of the 
study section.” 
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BALANCE 


Routinely giving antibiotics to 
premature babies may do more harm 
than exerere| By Marla Broadfoot 


hould she change the dose of 
steroids? Administer a diuretic? 
Remove the feeding tube? Rachel 
Greenberg makes hundreds of 
crucial decisions while shuffling 
through the dimly lit bays of 
the neonatal intensive care unit 
(NICU) at Duke University Medi- 
cal Center in Durham, North 
Carolina. As she checks on the little ones 
entrusted to her care, some babies fuss 
in open cribs beneath mobiles emitting 
soothing tones; the smallest, weighing 
less than half a kilogram, slumber in cases 
of clear plastic. In the corners, computer 
monitors silently shout messages such as 
“Wash your hands!” 

Near the end of Greenberg’s rounds, the 
young neonatologist visits one of the new- 
est arrivals, a baby girl with mahogany 
skin and wisps of black hair, recently trans- 
ferred from a community hospital. She 
was born 4 weeks too early, and though 
she’s faring better than most in the NICU, 
a note in her chart concerns Greenberg. 
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Doctors at the community hospital had 
given the baby antibiotics without test- 
ing for an infection. Greenberg wonders 
whether the drugs were necessary. She 
had run a blood culture herself and found 
no bacteria. Maybe the baby never had an 
infection. Or maybe she had, and the anti- 
biotics were working. With no way to know, 
Greenberg continues the medication. 

Like that baby, the vast majority of the 
nearly half-million infants born prematurely 
in the United States are given antibiotics, 
even without evidence of infection. Many 
preemies are kept on the drugs after blood 
tests say they are not sick. Yet that practice, 
once considered the best way to protect a 
hospital’s most vulnerable patients, is now 
being challenged. “We’re beginning to rec- 
ognize that the risk of giving that antibiotic 
may actually outweigh the benefit,’ says 
Josef Neu, a neonatologist at the University 
of Florida in Gainesville. 

Some studies suggest that even while 
helping fight certain infections, those drugs 
may encourage others by wiping out an in- 
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fant’s developing gut microbiome—those 
trillions of resident microbes with func- 
tions as diverse as synthesizing vitamins 
and bolstering our immune systems. By 
disrupting that microbial ecosystem, blan- 
ket antibiotic dosing of babies, particularly 
preemies, may promote a host of problems 
later in life, such as asthma and obesity. 
And recent research indicates that long 
after preemies leave the NICU, they can 
harbor many antibiotic-resistant micro- 
organisms, potentially endangering not only 
themselves, but also the wider population. 

In all corners of medicine, doctors are 
waking up to the dangers of antibiotic 
overuse. But change is coming slowly to 
the NICU. Another message that pops up 
on the monitors at Duke is: “Antibiotics 
are not always the answer!” Yet many neo- 
natologists hesitate to alter their habits, 
unable to shake the fear that a baby may 
die on their watch. “We are working to 
change our perception ... to fight the belief 
that antibiotics are always the safe thing to 
do,” Greenberg says. 
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Neu hopes to provide hard evidence with 
a small clinical trial: A random selection of 
premature infants who would have been 
given antibiotics automatically will instead 
be placed in a nontreatment control group. 
For 2 years, his team will track the micro- 
biomes and health of the preemies. Some 
of Neu’s colleagues feel uneasy about with- 
holding antibiotics, but he says answers 
are needed. “What can we do to use these 
antibiotics more intelligently? This is, I 
think, one of our biggest conundrums in 
neonatal intensive care right now.” 


TODAY, BABIES BORN as early as 28 weeks 
routinely survive, as do more than half 
of those born at 24 weeks (although of- 
ten with significant disabilities). Much 
of the credit goes to antibiotics, which 
have thwarted infections such as sepsis 
and group B strep that a preemie’s im- 
mature immune system could not have 
fought on its own. Those successes spurred 
a steady increase in routine antibiotic 
use in the NICU. At last count, three of 
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the top four drugs prescribed in the NICU 
were antibiotics. 

Over time, however, scientists began no- 
ticing that antibiotics can increase babies’ 
risk of the very afflictions the drugs aim to 
protect against—such as fungal infections, 
late-onset sepsis, and a deadly intestinal 
disorder called necrotizing enterocolitis. 
In a seminal 2009 study in Pediatrics, for 
example, Greenberg’s colleague Michael 
Cotten showed that each additional day of 
antibiotics significantly increased the odds 
that a preemie would develop necrotizing 
enterocolitis or die. 

Researchers are still debating when the 
first microbes colonize us—in utero or dur- 
ing birth—but Greenberg and many others 
worry that early use of antibiotics in infants 
disrupts the establishment of those indis- 
pensable residents. The gut microbiome is 
practically an organ unto itself, weighing 
about as much as the liver. It is thought 
to play a critical role in priming the im- 
mune system, and it produces just as many 
neurotransmitters as the human brain. Ge- 
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Antibiotics can help 
fragile premature babies 
survive. But they may 
have a cost later in life. 


netic and environmental factors, including 
antibiotics, shape its makeup early in life. 
Then, around age 3, a quasi-stability sets in 
and we are “stuck with that architecture,” 
says Gautam Dantas, a microbiologist at 
Washington University in St. Louis, Missouri. 
Dantas recently began tracing those dy- 
namics in premature babies, whose micro- 
biomes are just being established. In stool 
samples of premature infants from the St. 
Louis Children’s Hospital, he was shocked to 
discover that every child had been exposed to 
antibiotics. As a result, none of the samples 
could serve as controls. Instead, he compared 
stool samples from preemies who had been 
exposed to antibiotics for just a few days to 
stool from those exposed for a few months. 
He found that babies on long-term anti- 
biotics had only a 10th of the bacterial di- 
versity. In addition, their dominant denizens 
were a “who’s-who list of bad gut pathogens,” 
he says. “Our speculation is that because of 
all the high antibiotic pressure, those are the 
only bugs that can survive, and they probably 
are coming in from surfaces in the NICU” 
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Over the past 2 years, Dantas has traced 
what happened to those impoverished 
microbiomes after the babies left the hos- 
pital. He showed that at first, the preemies’ 
microbiomes remained stunted. But by 
4 to 6 months of age they had become 
just as diverse as those of full-term ba- 
bies. Dantas speculates, though, that the 
preemies “may never truly catch up” be- 
cause they lacked a normal microbial com- 
plement at times when they reached key 
developmental milestones. 


them when an infant shows up in the NICU. 
That’s what Neu’s trial aims to do. At first, 
he says, the university’s institutional review 
board balked at his proposal for a random- 
ized control trial, questioning whether he 
could get enough parents to consent to 
withholding medication from their pre- 
mature babies. But he says parents are 
generally receptive to the study once they 
understand that the mom or the baby will 
definitely receive antibiotics if either is at 
very high risk of infection. 


An early barrage of antibiotics 


Premature babies often receive multiple medications. Three of the four most prescribed 
are antibiotics (red), which are routinely given even when no infection is present. 
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1. Ampicillin 2. Gentamicin 3. Caffeine 4. Vancomycin 5. Beractant 
Broad-spectrum Antibiotic that Stimulant that Antibiotic that Surfactant that 
antibiotic that treats treats gram- treats apnea and treats gram- helps lungs 
bacterial infections negative bacteria aids breathing positive bacteria function normally 
6.Furosemide 7. Fentanyl 8. Dopamine 9. Midazolam 10. Calfactant 
Diuretic that helps — Strong, short- Increases blood Sedative that Surfactant that 
reduce extra acting narcotic pressure, and helps helps reduce helps lungs 

fluid in the body that relieves pain heart beat stronger stress function normally 


That legacy might explain a growing num- 
ber of suggestive links between early use of 
antibiotics and disorders such as asthma, 
autoimmune disease, and obesity. For ex- 
ample, in a retrospective analysis of medical 
records from 64,580 children, those exposed 
to antibiotics in their first 24 months were at 
higher risk of early childhood obesity. 

Dantas found another disturbing conse- 
quence when he examined the microbiomes 
of 2-year-olds who had been exposed to 
antibiotics in the NICU: microbes resistant 
to every antibiotic he tested, even colistin, 
one of the last-resort drugs. Their guts had 
basically become a breeding ground for 
antibiotic-resistant microorganisms. “The 
picture may not be completely grim, but 
it’s not rosy for sure,” he says. “I under- 
stand there’s a risk of infection, but I just 
haven’t seen compelling data or evidence 
that showed a clear benefit of those drugs.” 


MANY SCIENTISTS THINK the only way to un- 
derstand the real impact of antibiotics on 


preemies is to stop automatically giving 
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Neu and his team plan to enroll 
150 premature infants. However, the study, 
launched last year, has had a slow start. 
Physicians, not parents, have proved to be 
the biggest roadblock, Neu says. Doctors 
taking part in the study often put an infant 
on antibiotics at the first sign of illness, 
even if the baby had been randomized to 
the control group. Some colleagues have 
told him they can’t worry about a later risk 
of asthma or obesity when their patient 
might not make it out of the NICU alive. 

A better test for infection could help 
change that mindset. Blood cultures aren’t 
foolproof and can take 24 to 48 hours. By 
then a preemie is likely to be on antibiotics 
already. “We don’t have great tests beyond 
the blood culture to tell us who’s got an in- 
fection,’ Cotten says. “And when a kid is fall- 
ing apart over days in front of you, you worry 
that infection is the cause and you worry that 
your blood culture wasn’t sensitive enough ... 
so you feel like you have to treat.” 

Neonatologist Karen Puopolo of the Chil- 
dren’s Hospital of Philadelphia in Penn- 
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sylvania recently developed a fast way to 
screen for serious bacterial infections in 
full-term infants. Her algorithm is based on 
gestational age; maternal risk factors, such 
as when the amniotic sac ruptured; and the 
infant’s clinical exam. According to a recent 
study in multiple hospitals, Puopolo’s sep- 
sis calculator cut the percentage of babies 
given antibiotics in half, and hundreds of 
other hospitals are now using it. But she 
says developing a similar tool for preemies 
has proved tricky because the standard risk 
factors would predict that most of them 
have an infection. 

However, Puopolo discovered one factor 
that could distinguish between preemies at 
high and low risk of infection: whether they 
were delivered vaginally or by cesarean (C- 
section). Infants delivered early because of 
maternal health problems—such as pre- 
eclampsia, cancer, or severe kidney 
disease—account for about a third of all 
preterm births. Those babies are typi- 
cally born by “elective” C-section, which 
doesn’t expose them to risk of infection 
from bacteria in the birth canal. Using 
data from 5300 premature babies in the 
NICU at Brigham and Women’s Hospital 
in Boston, Puopolo showed that those born 
via C-section had one-twelfth the inci- 
dence of sepsis. “That is a distinction that 
neonatologists know, but they haven’t 
been using that knowledge in how they 
treat babies,’ Puopolo says. Last year, 
she worked with Cotten to look at the 
use of antibiotics in 15,000 late preterm 
and full-term babies. Many low-risk 
babies—defined primarily as those born 
through C-section—were not only put on 
antibiotics, but also kept on them for more 
than a week. 

Still, the trend may be changing. Over 
the past decade, Cotten and Greenberg have 
tracked antibiotic use and infant health at 
Duke and 12 other NICUs. In forthcoming 
research, they found that the number of 
premature babies kept on antibiotics after 
a negative blood culture dropped from 50% 
in 2008 to 36% in 2014, the most recent year 
for which such data are available. That drop 
did not come with an increase in death or 
infection; if anything, Greenberg says, it 
may have improved outcomes. 

Doctors are not the only ones starting to 
pay attention. Over the past year, Cotten has 
had several families ask him whether put- 
ting their preemie on antibiotics is a good 
idea—a question he hadn’t heard in almost 
30 years on the job. “The public is starting 
to ask, parents are starting to ask,” he says. 
“T think ... the message is getting out.” 


Marla Broadfoot is a science journalist 
based in Wendell, North Carolina. 
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EDGE OF 


EXTINCTION 


India’s paleontologists are struggling to save 
fossil sites—and their own discipline 


By Sanjay Kumar, in Lucknow and Dhar, India 


ast December, paleontologist 
Guntupalli V. R. Prasad and his 
team were hunting for signs of di- 
nosaur nests buried in a limestone 
hillock near Bagh, a town in central 
India’s Madhya Pradesh state. They 
found trouble instead. 
As the group from the University 
of Delhi fanned out along a forma- 
tion skirting a farm, several people from a 
nearby village gathered to confront them. 
Locals often assume that outsiders prowl- 
ing their land are government officials bent 
on appropriating tracts for a pittance in or- 
der to develop them, Prasad says. When he 
started to explain, a man cut him short and 
told his fellow villagers, “Your land is gone 
now.’ Tempers flared, and the scientists, 
fearing for their safety, beat a retreat. 

It wasn’t always like that, Prasad says. But 
land grabs by companies, often aided by lo- 
cal officials, have escalated in India. Now, he 
says, “Suspicion and hostility deny us access 
to fossil sites and seriously harm our work.” 

Lack of access is just one of the prob- 
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lems India’s paleontologists face. “India has 
some of the world’s greatest paleontological 
resources,” says Nigel Hughes, a paleobio- 
logist at the University of California, River- 
side, whose findings in the Himalayas have 
illuminated trilobite evolution. But Indian 
officials have done little to support a field 
widely viewed as impractical and esoteric. 

With few legal protections, sites often 
fall victim to looting and development. And 
although funds are scarce for all science 
in India, the plight of paleontology is par- 
ticularly acute. Little money is available for 
excavations and for acquiring and curating 
specimens, and the country lacks a national 
institution in which its natural heritage can 
be studied and preserved. 

All of this discourages young people from 
entering the field. Cash-strapped universi- 
ties are curtailing or axing paleontology 
courses, says Ashok Sahni, of Panjab Uni- 
versity in Chandigarh, a leading figure in 
Indian paleontology. Sahni, best known for 
his finds of dinosaur nesting sites in Jabal- 
pur and insects trapped in amber in Vastan, 
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in Gujarat state, says he has watched waves 
of colleagues retire—with few young talents 
stepping in to replace them. “There is no 
critical mass of researchers left,’ he says. 
“Indian paleontology is dying.” 


THE FIRST DINOSAUR FOSSILS found in Asia, 
belonging to a kind of sauropod, were 
unearthed in 1828 in Jabalpur, in central 
India’s Narmada Valley. Ever since, the sub- 
continent has yielded a stream of impor- 
tant finds, from some of the earliest plant 
remains through the reign of dinosaurs to a 
skull of the human ancestor Homo erectus. 
“Right from the time when photosynthesis 
started to the Quaternary [epoch], we have 
it all, continuous,” Sahni says. 

Much of that fossil richness reflects In- 
dia’s long, solitary march after it broke 
loose from the supercontinent Gondwa- 
naland, starting some 150 million years 
ago. During 100 million years of drifting, 
the land mass acquired a set of plant and 
animal species, including many dinosaurs, 
that mix distinctive features with ones 
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seen elsewhere. Then, 50 million to 60 mil- 
lion years ago, India began colliding with 
Asia, and along the swampy edges of the 
vanishing ocean between the land masses, 
new mammals emerged, including ances- 
tral horses, primates, and whales. 

Now, that rich legacy is colliding with 
the realities of present-day India. Take a 
site in Himachal Pradesh state where, in 
the late 1960s, an expedition by Panjab 
University and Yale University excavated 
a trove of humanoid fossils, including the 
most complete jaw ever found of a colossal 
extinct ape, Gigantopithecus bilaspurensis. 
The discovery helped flesh out a species 
known previously only through teeth and 
fragmentary jaws. Today’s paleontologists 
would love to excavate further at the site, 
Sahni says. But it “has been completely 
flattened’—turned into farm fields, with 
many of its fossils lost or sold. To India’s 
paleontologists, that is a familiar story. 

In the early 1980s, for example, blast- 
ing at a cement factory in Balasinor in Gu- 
jarat revealed what the workers believed 


SCIENCE sciencemag.org 


were ancient cannon balls. A team led by 
Dhananjay Mohabey, a paleontologist then 
at the Geological Survey of India in Kol- 
kata, realized they were dinosaur eggs. 
Mohabey and his colleagues soon un- 
covered thousands more in hundreds of 
nests, as well as many other fossils. Exam- 
ining one Cretaceous period clutch in 2010, 
Jeffrey Wilson of the University of Michigan 
in Ann Arbor discerned what appeared to 
be snake bones. He and Mohabey recovered 
more fossil fragments and confirmed that a 
rare snake (Sanajeh indicus) had perished 
while coiled around a dinosaur egg. It was 
the first evidence, Mohabey says, of snakes 
preying on dinosaur hatchlings. 

Mohabey and others have since docu- 
mented seven dinosaur species that nested 
in the area. (In a separate find in Balasinor, 
other researchers unearthed the skeleton 
of a horned carnivore called Rajasaurus 
narmadensis—the royal Narmada dino- 
saur.) But locals and visitors soon began 
pillaging the sites. In the 1980s, dinosaur 
eggs were sold on the street for pennies. 
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India’s fossil legacy includes an ichthyosaur, excavated 
in 2016 (left), and a distinctive sauropod, Isisaurus 
colberti (right), shown roaming central India in the late 
Cretaceous, 65 million to 100 million years ago. 


In 1997, local authorities designated 
29 hectares encompassing the nesting sites 
as the Balasinor Dinosaur Fossil Park in 
Raiyoli. But poaching continued largely 
unabated in the park and outside its 
boundaries, Mohabey says. Even now, the 
park is not fully fenced and the museum 
building, ready since 2011, is still not open. 
“T have myself seen a beautiful dinosaur 
nest just disappear from the Raiyoli park 
despite our efforts to hide it from the pub- 
lic gaze,” says Aaliya Farhat Babi, a local 
princess who moonlights as a fossil con- 
servationist. “The eggs were meticulously 
taken out as if by some expert.” 

The obliteration of the Balasinor fossil 
beds is almost complete, Mohabey says. 
“The majority of critical fossils are lost for- 
ever,” he says. “Sometimes I literally wish I 
had not have discovered the site.” 
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A one-man fossil rescue mission 


nacountry where fossils are at risk 

from neglect and looting (see main 

story, p. 22), Vishal Verma runs risks 

of his own to save them. In 2007, for 

instance, the high school physics 
teacher borrowed $300 and rented a 
small truck to haul a 2-ton rock from a site 
in the fossil-rich Narmada Valley, in central 
India’s Madhya Pradesh state. The rock 
enclosed an exquisite nest of dinosaur 
eggs, and Verma wanted to save it from 
poachers. After a 150-kilometer ride to 
a museum in the town of Mandu, the 
truck's chassis gave out. The nest was 
undamaged and is now on display in the 
museum (which Verma had helped set 
up). But its rescuer was left with a crush- 
ing debt—to his relatives and friends and 


Verma sometimes pays villagers for 
fossils, which makes some experts 
squeamish. They say the payments 
could encourage poaching and illicit 
fossil sales. And they point out that 
contextual information is lost when a 
fossil is removed from a site without 
adequate study. Verma says he doesn’t 
excavate; he and his team just collect 
surface finds, which they document 
beforehand. He adds that in the absence 
of regulations protecting the fossils, he 
doesn't see any other way to secure 
important specimens. “If | don't pay 
them, somebody else will take them and 
these fossils will just disappear,’ he says. 
Prasad agrees that the payments are 
acceptable—as long as Verma doesn't 


Dinosaur eggs from the Narmada Valley of Madhya Pradesh state in India are easy prey for poachers. 


the truck’s owner—that took years to re- 
pay. He contemplated suicide. “Darkness 
overshadowed my eyes,’ he says. 

Once Verma recovered from his depres- 
sion, he says, the misadventure strength- 
ened his resolve to protect Narmada’s 
diverse fossil sites. Crisscrossing the 
valley over the past 2 decades, Verma 
has rescued dozens of fossilized dinosaur 
nests and hundreds of eggs, along with 
thousands of other specimens, includ- 
ing rare extinct sharks and a fossilized 
gymnosperm forest. What others call his 
“fossil madness” consumed most of his 
salary over those years. 

“Verma is doing a great service with 
his crusade against pilferage of fossils, 
and by bringing many new fossil finds 
to the notice of trained paleontologists,” 
says Guntupalli V. R. Prasad, a 
paleontologist at the University of Delhi 
who has co-authored several papers with 
Verma. “He does more field work than 
any paleontologist.” 
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“anticipate anything in return.” 

A few paleontologists even say they 
owe their careers to Verma. “| don't think 
my Ph.D. is possible without him,’ says 
Harsha Dhiman, a graduate student at the 
University of Delhi. Verma helped her lo- 
cate scientifically valuable dinosaur nests, 
she says, adding that on many occasions 
he kept her spirits up in grueling field con- 
ditions. He's a “paleontology ambassador 
as well as a savior.” 

Verma's crusade has also won over 
local authorities. Relying on his expertise 
and collections, municipalities established 
the Ashmadha Fossil Museum in Mandu in 


1999 and a fossil museum in the Ralaman- 


dal Wildlife Sanctuary in 2013. And an 
unofficial tribute to Verma is in the works. 
Madhya Pradesh has set aside roughly 
90 hectares for a National Dinosaur Fossil 
Park in Bagh. When it opens, perhaps 

in a few years, Verma’s fossils will be on 
prominent display in the park’s museum. 
—Sanjay Kumar 
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INDIA’S NATIONAL SHRUG toward its fossil 
riches began decades ago. Paleontology lost 
prestige in a scandal that erupted in 1989, 
when John Talent, a geologist at Macquarie 
University in Sydney, Australia, accused an 
Indian paleontologist of fraudulent activi- 
ties over 25 years. Writing in Nature, Talent 
asserted that Vishwa Jit Gupta, a paleontol- 
ogist then at Panjab University, had claimed 
discoveries that could not be confirmed 
later. Talent also charged that Gupta de- 
scribed as “Indian” specimens that had ac- 
tually been dug up elsewhere. (Ammonoids 
that Gupta claimed had been found in the 
Himalayas were actually from Morocco.) 
Gupta “inundated geological and biogeo- 
graphical literature of the Himalayas with 
a blizzard of disinformation so extensive 
as to render the literature almost useless,” 
Talent wrote. 

Gupta’s university briefly suspended him, 
but he held onto his position after a long 
court battle and retired in 2002. India’s 
paleontology community has struggled to 
regain respect—and public confidence— 
ever since then. 

Government neglect has been a much 
bigger problem, however, as officials and 
legislators have largely ignored pleas to 
protect sites. “Legally, it’s a free-for-all,” says 
Rajeev Pattanayak, a paleontologist at Pan- 
jab University. Without laws, he notes, there 
is no way to crack down on poachers. “We 
do not even have a system of permits for 
excavation or collection of fossils in India,” 
adds Sunil Bajpai, a paleontologist at the 
Indian Institute of Technology in Roorkee 
and director of the Birbal Sahni Institute of 
Palaeosciences (BIPS) in Lucknow. 

The absence of legal protections for fos- 
sils also allows landowners to arbitrarily 
shut down access to sites. One coveted 
locale is a lignite coal mine in Vastan. “TI 
always call Vastan not a coal mine, but a 
fossil gold mine,” Sahni says. The mine 
has coughed up some of the oldest fossils 
of mammals in South Asia, including evi- 
dence that horses arose on the subcontinent 
some 54 million years ago before spreading 
to other continents—a pioneering find by 
Bajpai and his colleagues at BIPS. Another 
team found more than 100 insect species in 
50-million-year-old amber in that mine and 
others. The Vastan mine “was like a Gar- 
den of Eden where you could find entirely 
unexpected things,” Sahni says. 

For many years, he says, mining officials 
allowed him and his colleagues to collect 
there. But since 2015, the mine has arbi- 
trarily barred them, Sahni says. And some 
mines have destroyed fossil sites. In the 
Babiya Hills of Kutch, lignite mines have 
dumped waste rock on key localities for 
early whale fossils. Last year, Bajpai vis- 
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ited one site he’d excavated only to find 
that mining waste had “destroyed half 
the locality.” 

Even after fossils are excavated and taken 
to museums, they are still at risk, Prasad 
says. “The biggest question before me is 
what will I do with my type specimens 
once I retire,” he says. Prasad has ruled out 
donating his type specimens—which de- 
fined new species of dinosaurs and early 
mammals—to his own University of Delhi, 
one of the best in the nation. In the cash- 
starved geology department, “all major 
instruments are out of order.” Faculty posi- 
tions are perennially vacant, Prasad says, 
and there is scant money for expeditions or 
for training budding scientists. Other uni- 
versities face conditions that are even more 
dire, he says. The bottom line is that far too 
often, “once people retire, their collections 
are simply thrown away by the new people 
or they rot unknown in some storage.” 

Nor would Prasad hand his type speci- 
mens over to the Geological Survey, he says, 
even though it is the next logical choice 
after his university. At the Geological Sur- 
vey’s museum, he claims, the specimens 
would be locked away—and inaccessible 
to researchers. “I strongly believe that our 
natural heritage should remain within 
the country,’ Prasad says. But at the mo- 
ment, he sees no choice for his fossils but 
to “deposit them in a well-curated museum 
abroad with a research tradition and good 
conservation practices.” 

As a remedy for the crisis, Indian and 
foreign scientists have lobbied for the cre- 
ation of a Smithsonian-style institution. 
“India critically needs a national repository 
for scientifically important fossils,’ Hughes 
says. A comprehensive fossil repository, 
Sahni adds, would be indispensable not 
only for public education, but also for the 
discipline. “Suppose we get a sample from 
Vastan: an ankle bone of a rabbit. How will 
you identify it? In France, Germany, and 
[the] U.S. you have active people working 
on this and they have each bone of each liv- 
ing animal. So, they can compare. But in 
India, we have nothing like this,” he says. 
“It’s a big loss to our science.” 

Indian officials appear to be unmoved. 
The government is “agnostic vis-a-vis the 
various science disciplines,” says Ashutosh 
Sharma, secretary of the Department of 
Science & Technology in New Delhi, which 
funds much of India’s basic research. His 
agency would be willing to “fill any policy 
gaps,” he says, but it has not seen a need for 
a special effort to rejuvenate paleontology. 


THE FLAME of Indian paleontology may be 
guttering, but a few recent developments 


have buoyed spirits. In February 2016, a 
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A subcontinent’s fossil riches 
Diverse geology and a complex history, including 100 million years as an island continent, help explain the 
diversity of fossils in India. Fossil sites have little protection, however, and paleontology is poorly funded. 
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team from the University of Delhi, Kutch 
University, and the universities of Kiel 
and Erlangen-Nuremberg in Germany un- 
veiled a 150-million-year-old, nearly com- 
plete skeleton of an ichthyosaur. Found in 
Lodai village in Gujarat, the specimen of 
the marine reptile is “the first intact and 
near complete fossil skeleton of an extinct 
Jurassic reptile from South Asia,’ says 
Prasad, who led the excavation. 

Another big find came last August, when 
the Indian Statistical Institute in Kolkata, 
which maintains a vaunted paleontology 
section, announced that its researchers 
had unearthed at least seven specimens of 
a 245-million-year-old long-horned reptile 
from the Satpura Gondwana Basin in Mad- 
hya Pradesh. The Triassic period find, which 
they have named Shringasaurus indicus, 
overturned the notion that horned species 
were exclusive to dinosaurs of the Creta- 
ceous period, some 100 million years later. 

At least one venerated institution is hop- 
ing for a revival. BIPS, founded in 1946— 
making it one of the oldest institutions in 
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the country—is expanding. The institute 
once focused exclusively on paleobotany. 
Thanks to a hefty budget boost from the In- 
dian government, it’s broadening to cover 
all paleosciences. New lab facilities, a mu- 
seum, and a fossil repository are under con- 
struction. The aim, says Bajpai, is to turn 
the institute into “one of the best labs in 
earth sciences in India’—and perhaps a na- 
tional repository for India’s most important 
fossil collections. 

But Sahni and others say their field needs 
something that is even more important, and 
harder to provide, than adequate funding 
and legal protection for sites. India needs to 
instill in the public a respect for the coun- 
try’s paleontological riches. And that’s inter- 
twined with improving livelihoods in rural 
India—and creating economic incentives to 
preserve fossil sites. “Unless people have a 
stake in protecting sites,” Sahni says, “they 
will continue to get destroyed.” & 


Sanjay Kumar is a science journalist 
in New Delhi. 
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A postdoc’s purpose 


We gave young scientists this challenge: What is the purpose of a postdoc? 
Address this question by writing a job advertisement for the perfect post- 
doc position. We received responses from scientists around the world repre- 


senting a variety of fields. Some wrote advertisements for their ideal postdoc job 


and benefits, no matter how fantastical. Others felt that the perfect postdoc posi- 


tion is the one that is most realistically described to job seekers. —Jennifer Sills 


The idealists 


Want to conduct cutting-edge research, 
without becoming a cog in the machine? 
We have the perfect postdoc position for 
you! Our lab is making the world a better 
place through high-impact science and 
individualized mentoring. We offer compen- 
sation that reflects your advanced degree, 
making roommates and leftover seminar- 
pizza completely optional. Not from this 
country? No problem! We’ll sponsor your 
visa for as long as you need. Postdocs with 
families are supported with paid parental 
leave and excellent child care assistance. 
Focus on your science, not your working 
conditions—all benefits are contractually 
guaranteed through a strong postdoc union. 
Carolyn Adams Brotherton 

Department of Microbiology, University 


of Washington, Seattle, WA 98195, USA. 
Email: cbrother@uw.edu 
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This postdoc position will include hands- 
on training divided into 6 months each of 
full-time technical practice, administra- 
tive and management roles, teaching, and 
grant writing and budgeting. Candidates 
who complete all short-term training 
fellowships will be promoted to professor- 
ship. Say goodbye to jobs that require you 
to juggle all of these roles simultaneously 
while you worry about securing the next 
fellowship position. Join our team and 
find your work-life balance. 

Saima Naz 


Lahore, Punjab, Pakistan. 
Email: saimanaz85@gmail.com 


The candidate for this 3-year postdoc should 
have a relevant publication record. We give 
more weight to papers available online 

as preprints than to those under review. 
Selected candidates will be invited to visit 
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the lab, where they'll be given the oppor- 
tunity to speak individually with each lab 
member. The successful candidate will be 
encouraged to collaborate with other labs, 
co-mentor young students, write his or her 
own grants, and take independent projects 
with him or her when the fellowship ends. 
Syed Shan-e-Ali Zaidi 

eLife Ambassador, Gembloux Agro-Bio Tech, 


University of Liege, Gembloux, 5030 Namur, 
Belgium. Email: shan.e.ali@outlook.com 


The Knownforhermentorship Lab at 

the University of Beachfront Paradise is 
looking for highly motivated and creative 
postdoctoral fellows. We are particularly 
interested in developing an outside-the-box 
yet somehow sure-to-not-be-scooped appli- 
cation immediately translatable to benefit 
humanity. The successful applicants will 
use a Slight tweak on the techniques they 
spent 5 years of graduate school learning to 
tell a story sure to leave reviewers breath- 
less and h-indexes soaring. Candidates will 
retain the emotional capital to develop and 
maintain meaningful relationships outside 
the lab. Additionally, the adviser will respect 
and support the trainees’ ongoing journey 
toward gainful employment at the next 
stage of their careers. As such, experiences 
leading to outside-the-bench experience will 
be highly encouraged. 

Allison F. Dennis 

The Program in Cell, Molecular, Developmental 
Biology, and Biophysics (CMDB), Johns Hopkins 


University, Baltimore, MD 21218, USA. 
Email: adennil6@jhu.edu 


Seeking a professional in curiosity 
to complement a vibrant and diverse 


academic community. Tasks consist of 
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research, teaching, service, and active 
preparation for a fruitful career. Ample 
access provided to mentoring by senior 
scientists and experts outside of aca- 
demia, as well as training and funding for 
research, conference participation, and 
leadership development. Fair compen- 
sation and employee benefits offered, 
including health care and social security. 
The successful candidate will be a self- 
motivated critical thinker with an open 
mind, patience, integrity, and exceptional 
learning strategies. Desired qualifications 
include enthusiasm, adaptability, high 
frustration tolerance, and excellent com- 
munication skills. 

Anni HamAldinen 

Ecole d’Optométrie, University of Montréal, 
Montréal, QC H3T 1P1, Canada, and Canadian 


Association of Postdoctoral Scholars. 
Email: anni.hamalainen@umontreal.ca 


Approaching 40 and still without a 
tenured position? Join our Ivy League 
university and let the Matthew effect 
boost your career. We are a cronyism-free 
workplace. You are encouraged to pursue 
your own research interests. Your publica- 
tion output is more important for us than 
any teaching or administrative obliga- 
tions. Our prestigious location incurs high 
living costs, but you can work remotely 
and enjoy more time with your family. 
Wadim Strielkowski 

Department of Agricultural and Resource Economics, 


University of California, Berkeley, Berkeley, CA 94720, 
USA. Email: strielkowski@berkeley.edu 


Are you responsible and ready to move 
forward in your career and contribute to 
your lab? Are you an independent thinker 
who is clear-eyed about the questions in 
your field? Apply for a postdoc position 

to enhance your skills, practice writing 
papers, and apply for funding with a safety 
net in case you fail. As you mentor Ph.D. 
students and answer their questions, you'll 
be pushed to think like a professor, prepar- 
ing you for your next step. 

Ming-Ju Amy Lyu 

Department of Plant Systems Biology, Shanghai 
Institute of Plant Physiology and Ecology, Chinese 


Academy of Sciences, Shanghai 200032, China. 
Email: lvmj@sippe.ac.cn 


Calling freshly minted Ph.D.s—you tired, 
poor, huddled masses! Through the 
trenches of graduate school, you have 
emerged victorious. Do you desire a bounty 
of rest and riches? This position is not 

for you. If you seek instead to stretch 

and challenge your abilities as a person 

of science, apply now. Responsibilities: 
Pretend you are starting your Ph.D. over, 
and you are your own adviser. Benefits: 
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Health care, professional development 
opportunities, and a journey toward the 
pinnacle of understanding. Skills required: 
In the spirit of Einstein, no special talents 
required—only passionate curiosity. 

J. K. Wenderott 

Department of Materials Science and Engineering, 


University of Michigan, Ann Arbor, MI 48109, USA. 
Email: jillkw@umich.edu 


We are seeking an adventurous postdoc 
to work in a high-risk project in Mordor 
University’s Volcanology Department. 
Requirements: Diplomatic skills to deal 
with hobbits, high elves, wizards, and 
ginormous red eyes. Fluent in uruk-hai 
with persuasive grant-conjuration skills. 
The candidate will be required to lead 
and train goblins and naughty trolls 
through state-of-the-art projects. The 
candidate will enjoy networking opportu- 
nities in the Minas Tirith Lava and Fire 
Annual Meeting. Master magic along with 
data analysis! 

Cristina Espinosa-Diez 

Oregon Health and Science University, Portland, OR 
97239, USA. Email: espinosm@ohsu.edu 


The realists 


Position: Postdoctoral position under Nobel 
Prize-winning PI performing ground- 
breaking, world-changing research. Very 
high pay with competitive benefits. 
Guaranteed faculty position at prestigious 
university upon successful completion 
of short, 6-month postdoctoral tenure. 
High-impact factor publications and 
suitable authorship position. Ample funds 
devoted to conference travel with many 
networking opportunities. Freedom to 
pursue personal research endeavors. 
Direct, hands-on training with newest and 
most important techniques in the field. 
Wanted: Hardworking, knowledgeable 
Ph.D. graduate who realizes this offer 
does not exist. 

Kyle Isaacson 

Department of Bioengineering, University 


of Utah, Salt Lake City, UT 84112, USA. 
Email: kyle.isaacson@utah.edu 


Seeking candidate to fill postdoctoral 
research position. Responsibilities include 
full-time research, full-time grant applica- 
tion writing, full-time mentorship of 
graduate students, and a willful igno- 
rance about the fact that you should be 
paid more for this. Candidates should 

be proficient in whatever skills the PI 
suddenly decides that he or she needs in 
the group, regardless of the research his- 
tory of either the candidate or the group. 
Benefits include technically not being 
unemployed and being able to mumble 
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vague affirmations about how the position 
will help in a future career, despite empiri- 
cal evidence to the contrary for all but a few. 


Yifan Li 
Berkeley, CA 94703, USA. Email: yili91@gmail.com 


The National Institute of Looking Deep 
into Things is searching for a highly moti- 
vated postdoc who can pretend to be able 
to do everything. Your responsibilities lie 
in doing what we ask you to do—or not—as 
long as at the end of each week you report 
doing a lot. Benefits: Minimum financial 
coverage until the unlikely day when you 
find a place to pursue your real passion 
and curiosity. Apply now! 

Ebrahim Hassan 

Institute of Virology, Medical Center University 


of Freiburg, 79104 Freiburg, Germany. 
Email: ebrahim.hassan@uniklinik-freiburg.de 


New lab seeks deeply purposeful scholar 
comfortable with the menial tasks that 
comprise postdoctoral training. The suc- 
cessful candidate will seek to work for long 
stretches without supervision, interspersed 
with intense bouts of micromanagement. 
The postdoc will somehow intuit when 

to submit to the ideas of the Principal 
Investigator and when to think with 
fierce independence. Such training will 
yield the mental toughness needed for suc- 
cess against the background dysfunction 
present in both private- and public-sector 
workplaces. Highly specific career goals 
and hardheaded open-mindedness will 
both be considered a plus. 

J. Steen Hoyer 

Department of Ecology, Evolution, and Natural 


Resources, Rutgers University, New Brunswick, NJ 
08901, USA. Email: j.s.hoyer@wustl.edu 


We are currently seeking a deity-in- 
training to fill the honorable position 

of postdoctoral researcher under our 
esteemed Principal Investigator. Daily 
responsibilities include maintaining a 
positive workplace culture by facilitat- 
ing the caffeination of graduate students 
and tending to the undergraduates with 
regular watering and pruning. Qualified 
candidates should be capable of trans- 
muting their flesh into that of a rhino’s, 
gritting their teeth with the force of an 
alligator, and generating new ideas on 
demand. Benefits include socially prepar- 
ing yourself for life on Mars, learning how 
to sleep sitting up, and being first author 
whenever you roll above a five on a six- 
sided die. 

Joseph Michael Cusimano 

College of Pharmacy, The Ohio State University, 


Columbus, OH 43210, USA. 
Email: joecusi@hotmail.com 
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POLLUTION 


Microplastics research— 
from sink to source 


Microplastics are ubiquitous not just in the ocean 
but also on land and in freshwater systems 


By Chelsea M. Rochman 


esearch on microplastic pollution 
(small particles of plastic <5 mm in 
size) has long focused on their larg- 
est sink: the ocean. More recently, 
however, researchers have expanded 
their focus to include freshwater and 
terrestrial environments. This is a welcome 
development, given that an estimated 80% 
of microplastic pollution in the ocean comes 
from land (J) and that rivers are one of the 
dominant pathways for microplastics to 
reach the oceans (2). Like other persistent 
pollutants, such as polychlorinated biphe- 


Department of Ecology and Evolutionary Biology, 
University of Toronto, Toronto, ON M5S 3B2, Canada. 
Email: chelsea.rochman@utoronto.ca 
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nyls (PCBs), microplastics are now recog- 
nized as being distributed across the globe. 
Detailed understanding of the fate and 
impacts of this ubiquitous environmental 
contaminant will thus require a concerted 
effort among scientists with expertise be- 
yond the marine sciences. 

Scientists sporadically reported the pres- 
ence of small plastic particles in the ocean 
as early as the 1970s, but research into their 
distribution and impacts effectively began in 
2004 with a pioneering study led by marine 
ecologist Richard Thompson (3). To describe 
small plastic particles and differentiate them 
from large plastic debris such as fishing nets, 
bottles, and bags, the authors dubbed them 
“microplastics.” Recognizing that microplas- 
tics were both widespread and _ potentially 
unique in their impact on the environment, 
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Plastic fragments, including microplastics, are now 
ubiquitous on land, in freshwaters, and in the ocean. 


they encouraged scientists to include the fate, 
contamination, and effects of microplastics 
on Earth’s natural cycles, ecosystems, and or- 
ganisms in their studies of plastic pollution. 

What resulted was a scientific explosion. 
Over the past 14 years, researchers have doc- 
umented and studied microplastics across 
the globe, resulting in tremendous advances 
regarding the sources, fate, and effects of 
microplastics and their associated chemi- 
cals. Several hundred scientific publications 
now show that microplastics contaminate 
the world’s oceans, including marine species 
at every level of the food chain, from pole 
to pole and from the surface to the seafloor. 
Yet, scientists have only just begun to docu- 
ment and study microplastics in freshwater 
and terrestrial systems. 

Microplastics were first reported in fresh- 
water lakes in 2013 (4). Since then, micro- 
plastics have been reported on freshwater 
beaches, in lakes, or in rivers in Africa, 
Europe, Asia, North America, and South 
America (5). Just like in the marine realm, 
microplastics are common in freshwater 
systems at a global scale. Although contami- 
nation tends to be greater near large popu- 
lation centers, microplastics—often in the 
form of microfibers—have also been found 
in remote locations (6), perhaps as a result 
of atmospheric deposition (7). Microplastic 
concentrations in freshwater ecosystems 
are highly variable, and even though these 
systems are less dilute than oceans, concen- 
trations reported thus far appear to be in 
a range similar to those in the marine en- 
vironment (5). Microplastic contamination, 
as seen in marine animals, has also been 
reported in freshwater animals, including 
insects, worms, clams, fish, and birds. 

Researchers generally seem to expect the 
effects of microplastics on freshwater or- 
ganisms to be similar to those on marine 
organisms. In fact, scientists have been test- 
ing impacts of microplastics on freshwater 
animals for many years because several of 
them—such as Japanese medaka, zebrafish, 
Daphnia, and Ceriodaphnia—are standard 
toxicity test species. As a result, impacts from 
exposure to microplastics have been demon- 
strated in freshwater plants, invertebrates, 
and several species of fish (5). Still, the re- 
search remains young, and most studies of 
freshwater systems and organisms aim to 
better understand the sources of microplas- 
tics to the environment and their effects on 
animals in general. Given that freshwater 
ecosystems are highly diverse, with roughly 
as many fish species as in the oceans, re- 
searchers must also ask questions about the 
unique fate and effects of microplastics in 
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these vulnerable ecosystems themselves. 

Research on microplastics is even more 
limited for terrestrial environments. Despite 
a call for more research in terrestrial systems 
in 2012 (8), only a handful of studies have 
since sought to quantify microplastics in ter- 
restrial birds (9), soils (10, 11), dust (includ- 
ing tire dust) (12), and atmospheric fallout 
(7). The discovery that microplastics can 
undergo atmospheric transport contributed 
appreciably to the current understanding of 
their global transport (7). To predict effects 
on wildlife, a few researchers have exposed 
insects, nematodes, and earthworms to mi- 
croplastics in a laboratory setting. These 
studies have shown how microplastics may 
be transported through soils (13) and incor- 
porated into habitats (0), as well as how they 
affect the feeding behavior and health of vari- 
ous terrestrial invertebrates (74). 

Soils may act as an important long-term 
sink for microplastics (8). This has been dem- 
onstrated via the presence of plastic micro- 
fibers and fragments in sewage sludge that 
is widely applied on vast expanses of agricul- 
tural land (71). Other large-scale sources of 
microplastics in soils are the weathering and 
disintegration of protective plastic sheeting 
(plasticulture) over agricultural fields and 
the fragmentation of plastic litter and plastic 
items in landfills. To better understand mi- 
croplastics as an emerging global contami- 
nant, further field sampling should aim to 
measure the extent of the contamination on 
land. Models and laboratory and field experi- 
ments should aim to better understand the 


sources, fate, and effects of microplastics in 
terrestrial biomes. 

Studies of terrestrial and freshwater eco- 
systems will continue to be particularly help- 
ful for elucidating sources of microplastic 
pollution to the environment. This is because 
freshwater and terrestrial ecosystems are di- 
rect receivers of treated and untreated urban, 
industrial, and agricultural waste. The plas- 
tics in these environments therefore more 
readily reveal their original source than in 
the open ocean, where particles tend to be 
weathered, fouled, and highly fragmented. 

For example, plastic microbeads from per- 
sonal care products were first reported in 
the freshwater Laurentian Great Lakes (4), 
leading to legislation aimed at eliminating 
this source of microplastics in several regions 
(including the United States, Canada, and 
Taiwan). Moreover, a study from 2005 dem- 
onstrated that synthetic fibers are spread on 
soils when sewage sludge is applied (17). This 
study proposed synthetic fibers as an indica- 
tor of the land application of sludge, but also 
led researchers to conclude that laundry ef- 
fluent is an important source of microfibers 
to the environment (J5). 

In general, freshwater and _ terrestrial 
studies have helped increase understanding 
of microplastic sources to the environment. 
Moreover, the current evidence suggests 
that microplastic contamination is as ubiq- 
uitous on land and in freshwater as in the 
marine environment (see the figure). But 
little is known about its fate and effects in 
freshwater and terrestrial ecosystems, which 


Microplastics everywhere 


High amounts of microplastics have been found not just in the sea and on beaches, but also in rivers and soils 
around the world, demonstrating how pervasive this modern pollution is. Sources include leakage from landfills, 


plasticulture, littering, and sewage sludge. Data from (1). 


Amount reaching 
he ocean 

4.8 to 12.7 31.9 

million metric million metric tons 


tons per year per year 


Microplastic 
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Mismanaged plastic waste, 
leaked into the environment 
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are governed by physical, chemical, and bio- 
logical processes that differ from those in the 
marine realm. Progress in these systems can 
be accelerated by building on more than a 
decade of focused research on microplastics 
in marine ecosystems. For example, well- 
developed methods for sampling, extracting, 
and quantifying microplastics can be ap- 
plied. Moreover, the same chemicals used to 
detect microplastics in marine environments 
can be applied in all environments. 

Microplastic fate and impacts may vary 
across these systems, however. For example, 
there may be differences in how microplas- 
tics are transported in freshwater bodies be- 
cause of differences in salinity, temperature, 
and current patterns. In terrestrial systems, 
atmospheric circulation may be responsible 
for long-range atmospheric transport of mi- 
croplastics, similar to other persistent chemi- 
cal contaminants. Exposure of and effects on 
organisms may also vary owing to differences 
in physiology. For example, marine fish drink 
water to maintain osmotic balance, whereas 
freshwater fish absorb water through their 
skin and gills; this should lead to different 
amounts of microplastic ingestion for iden- 
tical concentrations of microplastics. Thus, 
these systems bring new challenges that 
must be considered, even as scientists apply 
knowledge of microplastics in the oceans to 
fast-track understanding of microplastics in 
fresh water and on land. 

Even though the oceans cover more than 
70% of our planet, the biodiversity in fresh- 
water and terrestrial systems combined 
is more than five times greater than in the 
ocean. Researchers often ask questions about 
impacts to human health as a result of micro- 
plastics in seafood, yet microplastics in dust, 
groundwater, and agricultural soils may also 
be of great importance. As such, microplastic 
research must be global and include a greater 
understanding of the scale, fate, and effects of 
microplastic pollution at all stages, from its 
sources via freshwater and terrestrial ecosys- 
tems to its ocean sink. 
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Supporting recovery from brain injury 


A window of therapeutic opportunity could widen beyond the initial phase of brain injury 


By Simon Rumpel 


he beauty and intricacy of the hu- 
man brain is unfortunately also mir- 
rored by its vulnerability. Damage 
to the brain is typically permanent. 
Because cells of the adult brain, 
apart from rare exceptions, no lon- 
ger divide, there is essentially no regrowth 
of damaged brain tissue. Acquired brain 
injury in the majority of cases occurs di- 
rectly through traumatic events such as 
an accident involving a blow to the head 
or indirectly through interruption of the 
blood supply, namely a stroke. Brain in- 
jury is a major burden, with an estimated 
1.7 million people in the United States suf- 
fering a traumatic brain injury and nearly 


800,000 Americans suffering a stroke each 
year (1, 2). However, current treatment op- 
tions for such brain injuries are still limited 
and are focused on the first hours after the 
insult. On page 50 of this issue, Abe et al. 
(3) describe a new approach in mouse and 
primate models that aims to enhance the 
ability of the brain to regain functionality 
in the days and weeks after brain injury. 
As an organ with a disproportionally 
large energy consumption (~20% of the to- 
tal energy is used by the brain, which is only 
~2% of human body weight), normal brain 
function ceases within seconds after inter- 
ruption of blood supply. Typically, a blood 
clot blocks the blood flow in the case of an 
ischemic stroke; less frequently, a blood ves- 
sel bursts, leading to hemorrhagic stroke. 


Functional recovery from brain injury 

During the first few hours of acute brain injury, brain cells are damaged and permanently lost, resulting in 
sudden loss of functionality. Plastic remodeling of synaptic connections mediates spontaneous relief from 
impairment during the recovery phase, which often remains incomplete. NMDA, N-methyl-D-aspartate. 


Brain 


Brain injury Primary injury 


Presynaptic 
neurite 


a 
/ Penumbra ys 


Healthy 


tissue Edonerpic 


maleate polymerization 


Vesicle 


Therapy options 

Acute therapy options aim to limit the damage to the brain. Restorative 
therapies hold the promise to offer additional treatment opportunities at 
later time points, supporting the brain’s ability to recover. 
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Within minutes, neurons will be perma- 
nently damaged and undergo cell death 
during the next hours, often involving a 
phase of neuronal hyperactivity (4). Apart 
from the neurons located within the core 
area immediately affected by trauma or loss 
of blood supply, additional loss of neurons 
is also observed in the surrounding brain 
areas, the so-called penumbra (see the fig- 
ure). Here, a temporarily decreased blood 
flow and pathologically increased neuronal 
activity spreading over from the core area 
endangers neighboring neurons. 

The size and location of the affected 
brain area varies substantially among 
individuals and therefore so does the de- 
gree of resulting functional impairment. A 
stroke, for example, is often recognized by 
the sudden development of deficits in the 
motor control of limbs and loss of control 
of facial muscles and speech production. 
The phase of acute injury to the brain lasts 
a few hours and, in a fraction of cases— 
typically involving large trauma or wide- 
spread hemorrhagic bleeding—can lead to 
the death of the patient. 

The acute phase is immediately 
followed by a recovery phase that 
is characterized by a spontane- 
ous lessening of behavioral 
\ impairments that can last 
for weeks to many months. 

During this recovery phase, 

cascades of molecular al- 

terations are observed that 
reflect changes in gene ex- 
pression, increased release of 
growth factors, and regrowth 
of neuronal processes. The recov- 
ery phase transitions to the chronic 
stage, when the rate of functional im- 
provements does not increase and in many 
cases leaves affected persons with lifelong 
impairments associated with considerable 
loss in quality of life. 

Therefore, therapeutic options to miti- 
gate the consequences of brain injury are 
of prime importance; however, current 
options are still limited. In the case of an 
ischemic stroke, the infusion of tissue plas- 
minogen activator—in order to attempt to 
dissolve the blood clot and to allow fast 
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reperfusion—remains the standard therapy 
(5). Current complementary therapies aim 
to protect neurons in the penumbra and 
restrain brain damage to the core area (6). 
Importantly, the time for these therapies to 
be administered is limited to a narrow win- 
dow during the acute phase of the insult, 
and therefore, patients often remain un- 
treated when received at the hospital after 
the acute phase. Therefore, therapies that 
support the spontaneous recovery of the 
brain during later phases after the injury 
are a long-sought objective (7). 

What are the mechanisms that help the 
brain in many cases to spontaneously re- 
cover at least partially from functional im- 
pairments? The neurons of the brain make 
an estimated 10” synaptic connections and 
thereby create a highly complex network. A 
single neuron in the cortex, the outer shell 
of the brain, receives signals from a few 
thousand neurons and in turn sends out 
signals to a similarly large number of down- 
stream neurons. Despite that in the adult 
brain the number of neurons is largely con- 
stant, the connections among them are not 


“..@ new approach in mouse 
and primate models...aims 
to enhance the ability of the 
brain to regain functionality 
in the days and weeks after 
brain injury.” 


hardwired. Brain circuits have the ability 
to undergo plastic remodeling by building 
new and eliminating old synapses as well 
as adapting the strength of persistent con- 
nections (8). This synaptic plasticity is be- 
lieved to mediate cognitive processes such 
as the storage of information during mem- 
ory formation in healthy conditions, but 
after brain injury, synaptic plasticity helps 
to reconfigure neuronal circuits and thus 
to regain functionality (9, 70). An emerging 
picture from longitudinal imaging studies 
in animal models is that neuronal microcir- 
cuits display a substantial level of dynamic 
remodeling even under conditions that do 
not require behaviorally or pathologically 
induced adaptation and thus represents a 
fundamental property of the brain (/7). 
The molecular mechanisms underly- 
ing plastic changes of synapses have been 
under intense investigation for decades. A 
major finding was that the receptors for 
neurotransmitters at the synapse are not 
fixed but undergo continuous and tightly 
regulated turnover that allows fast in- 
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creases or decreases in total receptor num- 
ber and thus connection strength (72, 13). 
The study by Abe et al. identifies edonerpic 
maleate as a small-molecule drug that is 
able to positively modulate the potential of 
synaptic connections to undergo plasticity 
after brain injury and to increase the rate 
of spontaneous functional recovery. As a 
mechanism of action, the authors provide 
evidence that edonerpic maleate binds 
to CRMP2 (collapsin-response-mediator- 
protein 2) and thereby promotes activity- 
dependent incorporation of AMPA-type 
neurotransmitter receptors into synapses, 
mediating an increased potential for func- 
tional recovery. Enhanced rates of func- 
tional recovery were observed in motor 
tasks after experimentally induced brain 
injury in mice as well as in nonhuman 
primates (after the induction of a stroke). 
Importantly, administration of edoner- 
pic maleate occurred during the recovery 
phase in the days after the insult and not 
during the few hours in the acute phase of 
brain injury, providing a treatment oppor- 
tunity beyond the acute phase. 

It will be interesting to test the trans- 
lational potential of the findings obtained 
in the animal models in humans. Although 
this often proves challenging, edoner- 
pic maleate has been used previously in 
human phase II studies (for example, 
ClinicalTrials.gov ID NCT02079909) in a 
different therapeutic context, and thus, 
important steps in terms of safety evalu- 
ation have been taken already. Therefore, 
edonerpic maleate provides a promising 
treatment option for brain injury after the 
acute phase and joins other approaches, 
including small-molecule candidates, anti- 
bodies, growth factors, and brain stimula- 
tion (7, 14, 15). 


REFERENCES 


1. E.J. Benjamin et al., Circulation 135, e146 (2017). 

2. M.Fauletal., Traumatic brain injury in the United States: 

Emergency department visits, hospitalizations and deaths 

2002-2006 (Centers for Disease Control and Prevention, 

National Center for Injury Prevention and Control, 2010). 

H. Abe etal., Science 360, 50 (2018). 

. T.W.Lai,S.Zhang, Y. T. Wang, Prog. Neurobiol. 115,157 
(2014). 

5. National Institute of Neurological Disorders and Stroke 
rt-PA Stroke Study Group, N. Engl. J. Med. 333, 1581 
(1995). 

6. M.D. Ginsberg, Neuropharmacology 55, 363 (2008). 

7. S.C. Cramer, J. Stroke 20, 57 (2018). 

8. D.B.Chklovskii, B.W. Mel, K. Svoboda, Nature 431, 782 
(2004). 

9. S.Rumpel, J. LeDoux, A. Zador, Science 308, 83 (2005). 

10. S.C.Cramer, Ann. Neurol. 63,272 (2008). 

ll. A.R.Chambers, S. Rumpel, Neuroscience 357,172 (2017). 

12. R.Malinow, R.C. Malenka, Annu. Rev. Neurosci. 25,103 
(2002). 

13. D.S.Bredt,R.A. Nicoll, Neuron 40, 361 (2003). 

14. Cumberland Consensus Working Group et al., 
Neurorehabil. Neural Repair 23,97 (2009). 

15. Z.G.Zhang,M.Chopp, Trends Mol. Med. 21,543 (2015). 


Aw 


10.1126/science.aat2450 


Published by AAAS 


TOPOLOGICAL MATTER 


Lattices for 


fractional 


Chern 
insulators 


Topological order 
beyond Landau levels 
is seen in encapsulated 
bilayer graphene 


By Cécile Repellin! and Nicolas Regnault? 


ndividual electrons are elementary par- 

ticles, but in some solid-state systems, 

electrons can act collectively as though 

they had a fraction of an electron’s charge. 

This emergent behavior is spectacularly 

observed in two-dimensional (2D) elec- 
tron gases as the fractional quantum Hall 
(FQH) effect in the form of a fractional quan- 
tized transverse (or Hall) conductivity and in 
shot-noise experiments. These experiments 
require low temperatures and very large 
magnetic fields in order to create strong elec- 
tron interactions. This latter condition now 
appears not to be as essential as originally 
thought. On page 62 of this issue, Spanton 
et al. (1) report on an experimental platform 
based on bilayer graphene that forms a moiré 
pattern with an encapsulating hexagonal bo- 
ron nitride layer. They observed incompress- 
ible phases with a fractional filling of the 
band structure with a nonzero Chern num- 
ber (it has quantized properties robust to lo- 
cal perturbations, or topologically invariant). 
Some of which have no analog in traditional 
FQH systems (see the figure). 

Many materials naturally exhibit topo- 
logical properties. For example, microscopic 
properties such as spin-orbit coupling and 
ferromagnetic exchange may strongly affect 
a semiconductor’s band structure and lead 
to a nonzero quantized Hall conductivity, as 
well as other topological phenomena. This 
paradigm has ignited the quest for entirely 
new fractional phases that rely explicitly on 
the presence of an underlying lattice, dubbed 


‘Department of Physics, Massachusetts Institute of 
Technology, Cambridge, MA 02139, USA. *Laboratoire Pierre 
Aigrain, Département de Physique de I'Ecole Normale 
Supérieure, Paris Sciences et Lettres Research University, 
Université Paris Diderot, Sorbonne Paris Cité, Sorbonne 
Universités, Université Pierre et Marie Curie Université Paris 
06, CNRS, 75005 Paris, France. Email: regnault@lIpa.ens.fr 


6 APRIL 2018 * VOL 360 ISSUE 6384 31 


8L0z ‘S Judy uo /fio Bewsdualos’80uUdI9S//:d}]}y WO’ Papeo|UMOG 


INSIGHTS | PERSPECTIVES 


fractional Chern insulators (FCIs). Although 
band-structure engineering has led to the 
synthesis of an ever-growing number of to- 
pological materials, including the realization 
of the integer quantum Hall effect in the ab- 
sence of a magnetic field, FCIs require the 
strength of electron-electron interactions to 
overcome band dispersion and disorder—an 
important experimental challenge. 

A strong analogy can be drawn between 
the Bloch bands of a band insulator and the 
Landau levels of a 2D electron gas subject to 
a magnetic field. The band gap in the former 
can be compared with the cyclotron energy 
separating each level in the latter. A fully 
filled Landau level has a quantized Hall con- 
ductivity of one in units of e?/h, where e is the 
electron charge and / is Planck’s constant. 
The seminal work of Haldane (2) showed that 
a filled Bloch band can also have a nonzero 
quantized Hall conductivity. This integer, the 
Chern number (C), is a topological invariant, 
and for a single Landau level, C = 1. When the 
lowest band has C = 1 and is partially filled, 
it may form an incompressible quantum liq- 
uid akin to the FQH effect under well-tuned 
microscopic conditions. These states are the 
simplest examples of FCIs, and their exis- 
tence was predicted by analytical and numer- 
ical studies (3, 4). 

However, FCIs are not merely mimicking 
FQH physics but feature distinctive proper- 
ties. Some of these stem from simple ener- 
getic arguments. In contrast to Landau levels, 
Chern bands have a finite dispersion whose 
competition with interactions may lead to in- 
teresting phase transitions between FCIs and 
symmetry-broken phases. Additionally, band 
gaps are not fixed by an external magnetic 
field but result from the microscopic details 
of the lattice, so a material could be designed 
in which FCI states may be observed at 
higher temperatures. 

More profound differences occur that re- 
quire an understanding of Chern insulators 
beyond energetics. A vector field analogous to 
the magnetic field, the Berry curvature, may 
be defined across the lattice Brillouin zone. 
Although a magnetic field is generally spa- 
tially uniform, the distribution of the Berry 
curvature in momentum space depends on 
microscopic details and affects the stability of 
an FCI. Another exciting perspective of these 
lattice systems is the possibility of a bandwith 
C > 1, a property that does not exist in a con- 
tinuum system unless a degree of freedom is 
added. In the presence of strong interactions, 
C > 1 FCIs with no FQH counterpart may be 
formed at fractional filling. 

Experimental studies of lattice effects in 
topological systems have been limited to 
probing the single-particle physics of Chern 
insulators. The realization of a Chern insu- 
lator in magnetically doped thin films with 
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strong spin-orbit coupling was an important 
milestone (5). Cold atomic gases have also 
provided a rather controlled setting in which 
to realize lattice models with artificial gauge 
fields created through laser-assisted tunnel- 
ing (6) or shaking (7) and to measure the 
Berry curvature of Chern bands (8). The real- 
ization of incompressible phases at fractional 
filling has been limited to traditional FQH 
systems, leaving experimentally unexplored 
the phases in which both lattice and interac- 
tions play a starring role. 


Topological order and symmetry 
The Bloch bands of a moiré pattern superlattice 
acquires topological character when 

a large external magnetic field is applied. 


Moiré lattice 

Spanton et a/. used the slight mismatch between the 
lattice constants of graphene and hexagonal boron 
nitride to create a moiré pattern at their interface. 


Band insulators 

At v = 1/3 filling of a band, the competition between 
electron-electron interactions and band dispersion 
leads to the emergence of two incompressible phases. 


The fractional Chern insulator is akin to the Laughlin 
state of the fractional quantum Hall effect and 
carries te/3 and —e/3 charge excitations. 


The symmetry-broken Chern insulator phase has an 
electronic density pattern with a periodicity three 
times the lattice constant of the moiré pattern. 


Published by AAAS 


Spanton et al. have proposed and imple- 
mented a setup for measuring FCI phenom- 
ena with no direct FQH equivalent. They 
encapsulated a bilayer graphene heterostruc- 
ture in hexagonal boron nitride gate dielec- 
trics and closely aligned the graphene with 
one of the dielectrics to obtain a moiré pat- 
tern. This superlattice generates Bloch bands 
whose nontrivial topology is created by an 
external high magnetic field. They measured 
the penetration field capacitance, which ac- 
cesses whether the bulk of the system is 
gapped, and reported several incompressible 
phases at fractional filling v. 

Spanton et al. explored the interplay be- 
tween lattice effects and strong electronic 
correlations in their bilayer graphene mate- 
rial. They observed incompressible phases 
with a fractional filling of the band structure, 
some of which have no analog in traditional 
FQH systems. They convincingly identified 
as FCIs some of the incompressible states by 
carefully comparing experimental results and 
theoretical expectations. Notably, they identi- 
fied the v = 1/3 Laughlin state (9), but also a 
state at v = 2/3 filling of aC = 2 band,aC >1 
FCI. Although an incompressible state can be 
observed at v = 2/3 in a FQH bilayer, the un- 
usual effect of lattice translations makes the 
observed C = 2 FCI a richer state. 

Spanton et al. also reported the observa- 
tion of interaction-driven symmetry-break- 
ing phases at fractional filling. Interestingly, 
the competition between these phases and 
the FCIs is well captured by the authors’ 
rather simple modeling of the device. They 
have used state-of-the-art numerical tech- 
niques (namely, infinite density matrix renor- 
malization group) to explore this transition, 
and their numerical results are a key asset 
to corroborate the observation of the various 
fractional phases. 

An interesting development would be to 
remove the need for such a high magnetic 
field, which is feasible in principle but re- 
quires more microscopic ingredients at the 
lattice level. In a different direction, even 
more exotic features such as non-Abelian ex- 
citations are predicted to be pinned by lattice 
dislocations in aC > 1 FCI. Being able to engi- 
neer various lattices and their defects would 
permit the testing of the most intriguing of 
these theoretical predictions. & 
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CELL BIOLOGY 


ESCRTs offer repair service 


A cellular membrane remodeling machinery repairs 


damaged organelles 


By Maximiliano G. Gutierrez! 
and Jeremy G. Carlton’? 


epair or replace? Be it our stereos, our 
saucepans, or our socks, today’s society 
encourages us to shun the repairman 
and toss damaged goods. Our cells face 
similar decisions when dealing with 
damaged organelles. Although they 
can be degraded through the process of au- 
tophagy, it seems that cells do not always go 
straight for the bin and instead employ some 
nifty tricks to stitch damaged or- 
ganelles back together. On page 
49 of this issue, Skowyra et al. 
(1) expose an unexpected role for 
the endosomal sorting complex 
required for transport (ESCRT)- 
III machinery in repairing dam- 


aged endolysosomes, which has Damaging Limited Extensive 

ji agents inside damage damage 

important consequences for the endolysosome 

maintenance of organelle func- — 

tion and cell survival. 3 
All cells sample their envi- oS 

ronment by taking in material Particles Us Le oo : 

from the outside world. Inter- (e.g., asbestos) ou Pd a 

nalized content is delivered to = 4a 

endosomes, a series of mem- ee Membrane repair Autophagy 

brane-bound compartments that GE ESCRT-III 


sort and process internalized 
material. Through luminal acidi- 


fication and the acquisition of agents) 
proteolytic enzymes, endosomes 
can mature into endolysosomes ? 
to degrade this content and re- 
lease nutrients into the cell. How- Bacteria 


ever, internalized materials can 

actually damage these organelles: Particulate 
matter such as uric acid crystals or asbestos 
fibers can puncture endosomal membranes, 
lysosomotropic chemicals can polymerize in 
the endolysosomal lumen and disrupt mem- 
branes, and a number of pathogens actively 
destroy these membranes to access the cyto- 
sol. Cells unable to repair damaged endoly- 
sosomes can die and trigger inflammation. 
Thus, maintaining the integrity of these or- 
ganelles is essential for ensuring cellular via- 
bility and limiting tissue damage. Autophagy 
is an intracellular pathway that degrades and 
recycles cellular components. In this process, 
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lysosomotropic 


old or damaged organelles are sealed away 
from bulk cytoplasm inside newly built au- 
tophagosomes. Fusion of autophagosomes 
with endolysosomes allows proteolytic degra- 
dation of the engulfed content. 

Avariety of multiprotein complexes exist on 
endosomes to coordinate cargo sorting with 
membrane remodeling. For degradative sort- 
ing, an important process is generating intra- 
endosomal vesicles into which cargo destined 
for degradation is incorporated. To effect 
this, the ESCRT machinery captures these 


Maintaining lysosome function 

During limited damage, endolysosome membranes can be repaired by 
ESCRT-IIl. If damage becomes extensive, then selective autophagy is initiated, 
resulting in a loss of functional lysosomes. 


Lysosome repaired 


Lysosome degraded 


cargos and soluble ESCRT-III components 
polymerize into spiral filaments that remodel 
endosomal membranes to allow _ intra- 
endosomal vesicle biogenesis to occur (2). 

In a series of live-cell imaging experi- 
ments, Skowyra et al. showed that ESCRT- 
III components were rapidly recruited to 
endolysosomes when cells were treated 
with lysosomotropic agents. The authors vi- 
sualized endolysosomal damage and, upon 
ESCRT-III recruitment, observed repair and 
recovery of function. However, ESCRT pro- 
teins could only repair small holes, whereas 
larger ruptures triggered autophagic deg- 
radation through recruitment of cytosolic 
galectins (proteins that bind sugars present 
on the inner leaflet of endosomes that are 
exposed upon organelle damage). ESCRT-III 
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recruitment was insensitive to disruption of 
the autophagy system and occurred more 
rapidly than galectin recruitment. These data 
nicely separate the fates of differentially dam- 
aged endolysosomes and present ESCRT-III 
as a repair kit, patching small ruptures be- 
fore they can expand and compromise func- 
tion (see the figure). Patched endolysosomes 
maintained their biochemical activity, saving 
the cell from investing resources in disposing 
of them and synthesizing new ones. 
Mechanistically, the nature of the recruit- 
ment signal that triggers ESCRT-III as- 
sembly at damaged endolysosomes awaits 
identification. | Apoptosis-linked = gene-2 
(ALG-2)-interacting protein X (ALIX) and 
tumor susceptibility gene 101 (TSGIO1), 
both upstream ESCRT components, played 
redundant roles in recruitment. However, 
these proteins are typically adaptors, linking 


Damaging 
agents in cytosol 


\0 f 


ESCRT-III to preexisting localization cues, 
and it is not yet clear what sta- 
bilizes these factors upon en- 
dolysosomal damage. ALG-2, 
a calcium- and ALIX-binding 
protein that assists in the re- 
cruitment of ESCRT-III to small 
plasma membrane ruptures (3, 
4), was co-recruited to damaged 
endolysosomes, suggesting that 
é calcium leakage from these or- 
ganelles could trigger ESCRT- 
III assembly. 

Also unknown is the mem- 
brane topology at the site of 
repair. ESCRT-III usually acts 
to sever cytoplasm-filled mem- 
branous stalks (2), a topology 
that does not obviously fit the 
expected geometry of ruptures 
in single-emembraned _organ- 
elles. During plasma membrane 
repair, damaged regions being 
repaired by ESCRT-III were 
proposed to bud away from 
the cytoplasm (3). However, in 
vitro assembly studies (5) and deep-etch 
microscopy (6) have shown that ESCRT-IIT 
filaments can also form planar spiral arrays. 
One possibility is that these arrays plug the 
holes and provide a platform to flow mem- 
brane in from intact regions. When consid- 
ering the fate of damaged endolysosomes, 
it is also not obvious how cells differentiate 
between small and large ruptures; restric- 
tion of the size of an ESCRT-III spiral could 
provide a simple means to selectively plug 
small holes with larger holes remaining 
open to permit galectin-mediated initiation 
of autophagy. These data suggest that the 
roles of ESCRT in the degradative pathway 
are twofold: to sort cargo into this route 
and to ensure that endolysosomes are com- 


N; 


phagosome 


petent to degrade these cargos. 
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This study opens many questions regard- 
ing the physiological and pathophysiologi- 
cal roles of this pathway. Are lysosomes 
inherently unstable and in need of con- 
tinual repair? That the authors observed a 
gradual depletion of functional lysosomes 
in ESCRT-silenced cells indicates that this 
is the case. Upon extensive damage, leakage 
of endolysosomal contents into the cytosol 
can trigger lysosomal cell death (7). Thus, 
the ESCRT-machinery likely plays impor- 
tant housekeeping roles in maintaining or- 
ganelle number and protecting against this 
form of cell death. 

The findings of Skowyra et al. may be rele- 
vant for the regulation of the innate immune 
response. Many internalized pathogens dam- 
age phagosomal membranes to gain access 
to the cytosol. Keeping bacteria in intact 
phagosomes facilitates their elimination by 
endolysosomal degradation. In the case of 
Salmonella and Mycobacteria, current mod- 
els implicate membrane influx from fusion 
with endosomes as well as autophagosomes 
in maintaining these pathogens in sealed 
compartments (8, 9). It will be interesting 
to understand whether ESCRT-III functions 
alongside these mechanisms to protect cells 
from infection. 

ESCRT-dependent endolysosomal sealing 
could also be linked to the adaptive immune 
response. Immune cells such as dendritic 
cells have evolved mechanisms to activate a 
tailored immune response by displaying pep- 
tides from foreign proteins on their cell sur- 
face. If self-proteins found inappropriately in 
the cytosol are presented as foreign, this will 
trigger an unwanted autoimmune response. 
One can imagine how endolysosomal repair 
could restrict cross-presentation of self- 
antigens from lysosomal material and inap- 
propriate immune system activation. 

Skowyra et al. add a new process to the 
variety of membrane remodeling functions 
performed by ESCRT-III. As well as showing 
how resourceful cells are at repurposing ex- 
isting machineries, the amazing repair mech- 
anisms that cells have evolved to maintain 
organelle integrity are highlighted. 
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Up close with herpesviruses 


Two high-resolution structures reveal how ~3000 proteins 
are arranged in the herpes simplex virus capsid 


By Ekaterina E. Heldwein 


iral capsids are marvels of biological 
engineering. They are sturdy enough 
to withstand pressure exerted by the 
tightly packed genomes inside yet can 
come apart or loosen easily to release 
the viral genome once the virus pen- 
etrates the cell. They are also great examples 
of genetic economy. Because of the limited 
coding capacity of viruses, capsids are built 
by using a few proteins over and over. As a 
result, capsids are symmetrical. Capsids of 
many viruses, such as herpesviruses, have 
icosahedral symmetry, which means nearly 
spherical soccer ball-like particles with 20 
triangular faces and 12 vertices. Reports in 
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A false-colored electron micrograph of HSV-1 virions shows the capsid 
(orange) coated with tegument (blue and teal) and surrounded by a 


lipid envelope (yellow). 


this issue by Yuan et al. on page 48 (7) and 
Dai and Zhou on page 47 (2) reveal in detail 
how ~3000 protein copies are arranged in 
the 130-nm-diameter structure of the herpes 
simplex virus (HSV) capsid (see the figure). 
Herpesviruses are a large family of viruses 
that collectively infect nearly all species of 
vertebrates and even invertebrates such as 
mollusks. Several of these viruses infect hu- 
mans for life, causing symptoms that range 
from cold sores and genital lesions to en- 
cephalitis and cancers. Herpesvirus capsids 
consist of 150 hexameric blocks (hexons) and 
11 pentameric blocks (pentons). Both blocks 
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are formed by the major capsid protein VP5; 
each hexon is also decorated with a hexa- 
meric crown composed of small capsid pro- 
tein VP26. Instead of a 12th penton, there is 
a portal composed of 12 copies of the protein 
UL6, which is necessary for DNA packaging. 

Gluing together these hexons and pentons 
are 320 triplexes, heterotrimers of two VP23 
proteins and one VP19C protein. Each vertex 
is further decorated with two additional pro- 
teins, UL25 and UL17, which are essential for 
reinforcing the capsids (3) so that they can 
withstand several atmospheres of pressure 
generated by the large genomes (4) without 
bursting apart. UL25 also anchors the tegu- 
ment layer of the herpesviral particle (5). 
Tegument, a component specific to herpes- 
viruses, consists of multiple 
copies of several proteins 
that serve to regulate gene 
expression, evade the innate 
immune response, and hijack 
host trafficking machinery. 
By bringing these proteins 
into the cell along with the 
capsid, the virus can ma- 
nipulate the cell even before 
viral genes are expressed. 

How do 3000 protein cop- 
ies build this massive struc- 
ture, and how are tegument 
proteins anchored on the 
capsid? Until very recently, 
cryogenic-electron micros- 
copy (cryo-EM) reconstruc- 
tions of herpesvirus capsids 
were limited to a resolution 
of ~7 A (6), at which helices appear as tubes. 
At this resolution, it is difficult to identify 
proteins accurately and impossible to map 
their interactions precisely. By contrast, cap- 
sid reconstructions at a resolution of 3.5 A 
would allow side chains of individual amino 
acids to be seen, and all proteins can be 
traced from scratch. 

Within the past few months, capsid recon- 
structions of two herpesviruses, Kaposi’s sar- 
coma-associated herpesvirus (KSHV) at 4.2 
A (% and human cytomegalovirus (HCMV) 
at 3.9 A (8), have been published. The HSV 
reconstructions by Yuan et al. and Dai and 
Zhou now use clever tactics to push the 
resolution further. Even with state-of-the-art 
data collection, traditional reconstruction 
strategies initially yielded only ~4-A resolu- 
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tion in both cases. One prob- 
lem is that images need to be 
corrected for defocus in order 
to avoid loss of high-resolution 
information. To overcome this 
problem, both teams used local 
rather than uniform defocus 
correction for different regions 
of each particle. 

Another problem is that 
because of their large size, 
herpesvirus capsids deviate 
from strictly icosahedral sym- 
metry. Thus, standard icosahe- 
dral reconstruction strategies 
limit the resolution by effec- 
tively averaging out high-res- 
olution details. Realizing this 
and modifying reconstruction 
protocols to loosen the icosa- 
hedral symmetry restraints 
allowed the authors to go be- 
yond the 4-A limit. Together, 
the two papers expand the 
frontiers of knowledge in two 
complementary ways. 

Yuan e¢ al. report the recon- 
struction of HSV-2 B-capsids, 
purified from the nuclei of in- 
fected cells. B-capsids contain 
scaffold proteins rather than 
viral genomes and are thought 
to be either capsid assem- 
bly intermediates (9) or dead 
ends (10). At 3.1 A—the high- 
est resolution thus far for any 
large virus—the structure reveals intricate 
details of the capsid architecture. The au- 
thors achieved this in part through use of 
a new block-based reconstruction method 
that better accounts for lack of strict icosa- 
hedral symmetry. 

Dai and Zhou report the 3.5-A reconstruc- 
tion of mature, genome-filled capsids (C-cap- 
sids) from HSV-1 imaged within whole viral 
particles (virions) (see the photo and figure). 
Imaging capsids within virions precludes the 
loss of UL25, UL17, and the tegument, which 
often occurs during purification. By visualiz- 
ing the interface between the capsid and the 
surrounding tegument layer of the virion, 
the authors clarified how the tegument layer 
is anchored on the capsid. Given the many 
technical challenges associated with cryo- 
EM imaging of ~210-nm-diameter viral par- 
ticles, this reconstruction is an impressive 
accomplishment. 

Both reports provide the detailed view of 
the extensive noncovalent and covalent inter- 
actions, particularly the disulfide bonds (77), 
that stabilize the hexons, the pentons, and 
the triplexes and glue them together within 
capsids. This knowledge can now be used to 
clarify the capsid assembly pathway and de- 
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One face 
of capsid 


Zooming in on virus structure 
The HSV capsid is an icosahedron with 20 faces and 12 vertices. Two high-resolution 
structures show how ~3000 proteins that form pentons, hexons, and triplexes are 
arranged within the HSV capsid. One structure also shows how the tegument is 
anchored to the pentons. 


Local structure 


and UL36C decorate the pentons. 


@ VP23 
@ VP19C 


“ VP5 
@ vP26 


sign small-molecule compounds that inhibit 
viral replication by interrupting capsid as- 
sembly, potentially yielding new antivirals. 

Another major finding in both reports 
is that herpesvirus capsid proteins have a 
great deal of conformational diversity, which 
means that no protein copies within the 
asymmetric unit are exactly the same. This 
is particularly true of VP5. VP5 was expected 
to adopt one conformation in pentons and a 
different one in hexons to form optimal in- 
teractions in these two different oligomeric 
structures. However, even within hexons, 
VP5 adopts different conformations depend- 
ing on whether its neighbors are pentons 
or hexons. Such location-specific conforma- 
tional adaptations ensure optimal interac- 
tions yet also result in the final capsid being 
quasi-symmetrical. 

Although the quasi-icosahedral symmetry 
observed in herpesvirus capsids could be due 
to their large size, a lack of perfect symme- 
try has also been observed in viruses with 
smaller capsids (12). Thus, intrinsic struc- 
tural flexibility may be an important charac- 
teristic of viral capsids. 

The two reconstructions share many 
common features. But whereas Yuan e¢ al.’s 
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Pentons are surrounded by hexons and are glued 
together by triplexes. Complexes of ULI7, UL25, 


© ULI7, UL25, UL36C 
©} Tegument proteins 


reconstruction of purified 
B-capsids reveals some addi- 
tional features, likely owing 
to the higher resolution, Dai 
and Zhou’s reconstruction of 
C-capsids also reveals the de- 
tailed structure of the capsid- 
associated complex formed by 
auxiliary capsid proteins UL17 
and UL25 and the C terminus 
of tegument protein UL36. 
The structure shows that these 
three proteins form a central 
five-helix bundle that anchors 
UL36 to the capsid and allows 
it to serve as a hub for tegu- 
ment recruitment. By contrib- 
uting to this helical bundle, 
UL36 also helps recruit UL25 
and UL17 to the capsid, rein- 
forcing capsid structure. The 
detailed structure of this com- 
plex will enable mechanistic 
exploration of its multiple roles 
in viral replication. 

Despite the stunning amount 
of information provided by the 
two reconstructions, neither 
study could resolve the dis- 
tinct portal vertex, which is the 
DNA gateway into the capsid. 
Although the reconstructions 
suggest that B- and C-capsids 
have similar overall structures, 
they do not address the ques- 
tion of what structural features 
ensure that C-capsids rather than A- and B- 
capsids mature into viral particles (70). Refin- 
ing our understanding of morphogenesis will 
require identification and isolation of addi- 
tional capsid intermediates. The technologi- 
cal advances that enabled Yuan et al. and Dai 
and Zhou to overcome the challenges of large 
size, imperfect symmetry, and in situ imaging 
open doors to further breakthroughs. & 
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LRRKQ2 kinase in Parkinson’s disease 


Defects in vesicular trafficking and immune responses are found in Parkinson's disease 


By Dario R. Alessi! and Esther Sammler’? 


espite intensive research, attempts to 
pause or even just slow the progres- 
sion of Parkinson’s disease (PD) have 
thus far failed. Although most cases 
of PD are idiopathic and with largely 
unknown aetiology, mutations in ~20 
genes, including LRRK2 (leucine-rich repeat 
kinase 2), cause rare genetic Parkinsonism. 
All pathogenic mutations in LRRK2 result 
in hyperactivation of the LRRK2 kinase, of- 
fering the prospect of elaborating disease- 
modifying treatments. Indeed, LRRK2 
inhibitors have entered phase 1 clinical 
trials. Data are also emerging for LRRK2 
involvement in idiopathic PD, suggesting 
that inhibitors may benefit patients beyond 
those carrying LRRK2 mutations. Recent 


advances point toward a role for LRRK2 in 
regulating autophagy, an intracellular pro- 
cess that delivers cytoplasmic constituents 
to the lysosome for degradation and recy- 
cling. LRRK2 phosphorylates a subgroup 
of RAB proteins and regulates their ability 
to bind cognate effector proteins. Addition- 
ally, LRRK2 is highly expressed in immune 
cells. Intriguing research indicates that, in 
early life, increased LRRK2 activity may 
protect against opportunistic pathogenic 
infection but then later increases the risk 
of developing PD, a concept called antago- 
nistic pleiotropy. 

Autosomal dominant missense muta- 
tions within the LRRK2 gene account for 1 
to 2% of all cases of PD, and a much higher 
proportion in some populations (Ashke- 
nazi Jews and North African Berbers) (J). 


LRRK2 signaling pathway 


Mutations that activate LRRK2 kinase activity are associated with Parkinson's disease (PD). LRRK2 
phosphorylates a subgroup of RAB GTPases that regulate various cellular processes, including vesicular 
trafficking and immune responses. LRRK2 is a possible therapeutic target for PD. 


Genes and nongenetic factors (environment, lifestyle, gut microbiome, and infection) 
influence the likelihood of developing PD. 


v 
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LRRK2-associated PD closely resembles 
idiopathic disease in terms of late age of 
onset, signs, and symptoms (1). The pen- 
etrance of LRRK2 mutations is incomplete 
and dependent on age and specific muta- 
tion. For example, most carriers of the com- 
mon Gly?°’—sSer (G2019S) mutation may 
never develop disease (penetrance as low 
as 24%), whereas the Arg™*'Gly (R1441G) 
mutation appears to be more penetrant (up 
to 95% in later life) (2, 3). Variations at the 
LRRK2 locus also mildly increase the risk 
for idiopathic PD (/, 3). LRRK2 is a large 
protein (2527 residues) that, in addition 
to its kinase domain, possesses a second 
enzymatic guanosine triphosphatase (GTP- 
ase) domain (ROC-COR domain) as well as 
other motifs (see the figure). The patho- 
genic mutations cluster within the GTPase 
(for example, R1441G) as well as kinase (for 
example, G2019S) domains and stimulate 
protein kinase activity. The G2019S muta- 
tion results in a moderate increase in ki- 
nase activity (about twofold). Pathogenic 
mutations in the GTPase domain enhance 
GTP binding and stimulate LRRK2 activ- 
ity to a greater extent than those in the 
kinase domain (around fourfold) through 
interactions with the RAB29 protein and 
the Golgi apparatus (4, 5). 

Much research, based on studying lo- 
calization and verifying consequences of 
manipulating the expression of wild-type 
and mutant forms of LRRK2, reveals that it 
plays a major role in vesicular membranes, 
as well as autophagy and lysosome function 
(6). The role of LRRK2 in vesicular mem- 
branes could be mediated by the ability 
of LRRK2 to phosphorylate a subgroup of 
RAB GTPases, including RAB8A (Thr”) and 
RAB10 (Thr’), at highly conserved sites lo- 
cated in the center of the effector binding 
motif (7, 8). RAB proteins are master regu- 
lators of membrane trafficking, orchestrat- 
ing vesicle formation and vesicle movement 
along actin and tubulin networks, as well 
as membrane docking and fusion; all im- 
portant aspects of autophagy and lysosome 
biology. Consistent with RAB proteins com- 
prising relevant substrates for PD, all the 
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pathogenic LRRK2 mutants tested enhance 
RAB phosphorylation in vivo (7, 8). 

LRRK2 phosphorylation of RAB8A and 
RAB10 does not affect GTPase activity but 
instead prevents binding to well-charac- 
terized effectors, including the guanosine 
diphosphate-dissociation inhibitor and the 
guanine nucleotide exchange factor rabin-8 
(7, 8). This is likely to affect localization and 
the GTP-loaded state of RAB proteins. Re- 
cent work revealed that the poorly studied 
proteins RAB-interacting lysosomal-like 
protein 1 (RILPL1) and RILPL2, previously 
implicated in regulating ciliary membrane 
content, specifically bind to RAB8A and 
RAB1O once they have been phosphorylated 
by LRRK2 (8). Interestingly, pathogenic 
LRRK2 mutations inhibit primary 
cilia formation induced by serum 
starvation (8), but it remains to be 
established whether this is medi- 
ated through LRRK2-phosphory- 
lated RABS8A-RABIO _ interaction 
with RILPLI and RILPL2. 

There is mounting evidence that 
disruption of RAB biology and 
membrane trafficking is involved 
in PD. Loss-of-function mutations 
in RAB39B and complex genetic changes 
within the Parkinson disease 16 (PARKI6) 
locus encompassing RAB29, as well as mu- 
tations in the genes encoding at least three 
other components of the membrane traffick- 
ing machinery [vacuolar protein sorting- 
associated protein 35 (VPS35), VPS13C, and 
DnaJ homolog subfamily C member 6] are 
causally linked to PD (3, 4). Loss-of-func- 
tion mutations in PTEN-induced putative 
kinase 1 (PINK1) are associated with young- 
onset recessive PD. PINK1 indirectly con- 
trols the phosphorylation of certain RAB 
GTPases, including RAB8A, at a site (Ser™) 
distinct from that of LRRK2-mediated 
phosphorylation (9). Furthermore, various 
RAB proteins, including LRRK2 substrates 
RAB3A and RAB8A, promote vesicular traf- 
ficking from the endoplasmic reticulum to 
the Golgi apparatus and thereby attenuate 
cytotoxicity linked to aggregated a-synu- 
clein, a factor that is frequently associated 
with PD (J0). 

Inflammation plays an important role in 
the development of PD. LRRK2 is highly 
expressed in macrophages, monocytes, 
and neutrophils, suggesting that it func- 
tions in the defense against intracellular 
pathogens. In humans, single-nucleotide 
polymorphisms within or close to the 
LRRK2 gene have been linked to inflam- 
matory conditions, including ulcerative 
colitis and Crohn’s disease, and also in- 
creased susceptibility to leprosy infection 
(11). In mice, LRRK2 is required for mu- 
cosal immunity against the opportunis- 
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tic pathogen Listeria monocytogenes and 
colocalizes with intracellular Salmonella 
typhimurium during bacterial infection 
in macrophages (17). The LRRK2 kinase 
is most closely related to the receptor- 
interacting protein (RIP) kinases, which 
are key regulators of inflammasomes. In- 
flammasomes are multiprotein signaling 
complexes that assemble upon stimulation 
of the innate immune system by pathogens 
or toxins and play a crucial role in the in- 
flammatory response and host defense 
(12). LRRK2 may participate in modulat- 
ing inflammasome assembly. Mice lacking 
LRRK2 or treated with an LRRK2 inhibi- 
tor exhibit an impaired ability to clear 
S. typhimurium infection (13). By contrast, 


“..ncreased LRRK2 activity may protect 
against opportunistic pathogenic 
infection but then later increases the 

risk of developing PD, a concept called 
antagonistic pleiotropy.” 


mice expressing the kinase-activating 
G2019S LRRK2 mutant are protected from 
infection (73). Moreover, in response to 
S. typhimurium infection, LRRK2 inter- 
acts with and reportedly phosphorylates 
the inflammasome protein NLRC4 (NLR 
family CARD domain-containing protein 
4) at a critical residue (Ser***) required for 
its assembly into inflammasomes (13). This 
leads to the activation of caspase 1, which 
processes and produces a variety of proin- 
flammatory agents such as interleukin-1f, 
that if sustained over a long time could 
lead to neuroinflammation and increased 
PD susceptibility. Therefore, current un- 
derstanding suggests that activation of 
LRRK2 by mutation promotes proinflam- 
matory responses offering protection 
against infection and survival benefit ear- 
lier in life, before PD strikes. 

Highly potent, selective, and brain pen- 
etrant LRRK2 inhibitors have been re- 
ported. Such drugs could benefit not only 
individuals bearing LRRK2 mutations but 
also other patients in whom LRRK2 activ- 
ity is driving the disease. Much research is 
taking place to develop tests to interrogate 
LRRK2 activity and function in patients. 
This includes studying LRRK2 autophos- 
phorylation and RAB protein phosphory- 
lation in neutrophils, monocytes, and 
cerebrospinal fluid. Several pharmaceu- 
tical companies are in late stages of pre- 
clinical evaluation of LRRK2 inhibitors, 
and one has recently completed a phase 1 
clinical trial in healthy volunteers. Studies 
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in LRRK2-deficient rodents and nonhu- 
man primates treated with LRRK2 inhibi- 
tors highlighted potential toxicity concerns 
in lung and kidney, resulting from loss of 
LRRK2 kinase activity that might be linked 
with altered autophagy and lysosome biol- 
ogy (4, 15). Therefore, lung and kidney 
function will need to be closely monitored 
in LRRK2 inhibitor clinical trials. Given 
the challenges of translating findings in 
immunity from mice to humans, LRRK2 
inhibitor clinical trials present an op- 
portunity for refining our understanding 
of LRRK2 in human immune function. 
Above all, it will be important to establish 
whether LRRK2 inhibition increases the 
risk of opportunistic infections. 

LRRK2 lies at the nexus of an 
emerging signaling network of high 
relevance for understanding and de- 
veloping treatments for PD. It will 
be essential to define in clearer de- 
tail the upstream and downstream 
components of this pathway. Un- 
derstanding the interplay between 

RRK2-mediated immune defense 
mechanisms and PD will undoubt- 
edly reveal fascinating biology. 
Reports of monozygotic LRRK2 mutation- 
carrying twins discordant for PD and the 
incomplete penetrance of LRRK2 mutations 
highlight the importance of environment 
(for example, exposure to toxins, herbicides, 
pesticides, and fungicides), lifestyle (for ex- 
ample, smoking, exercise, diet), gut micro- 
biome, and infection in the development 
of LRRK2-dependent PD. It is possible that 
these factors synergize with genetic muta- 
tions. In the future, aligning mechanistic 
insight into disease pathways with genet- 
ics and clinical phenotyping could define 
the roles that LRRK2 signaling plays in 
idiopathic PD. This will help justify the 
use of LRRK2 inhibitors in more patients. 
However, for now, the most exciting ques- 
tion will be whether LRRK2 inhibitors have 
disease-modifying effects in PD patients 
with LRRK2 mutations. 
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Testing international 
education assessments 


Rankings get headlines, but often mislead 


By Judith D. Singer’ and Henry I. Braun” 


ews stories on international large- 

scale education assessments (ILSAs) 

tend to highlight the performance of 

the media outlet’s home country in 

comparison with the highest-scoring 

nations (in recent years, typically lo- 
cated in East Asia). Low (or declining) rank- 
ings can be so alarming that policy-makers 
leap to remedies—often ill-founded—on the 
basis of what they conclude is the “secret 
sauce” behind the top performers’ scores. As 
statisticians studying the methods and policy 
uses of ILSAs (J), we believe the obsession 
with rankings—and the inevitable attempts 
to mimic specific features of the top perform- 
ing systems—not only misleads, it diverts 
attention from more constructive uses of 
ILSA data. We highlight below the perils of 
drawing strong policy inferences from such 
highly aggregated data, illustrate benefits of 
conducting more nuanced analyses of ILSA 
data both within and across countries, and 
offer concrete suggestions for improving fu- 
ture ILSAs. 
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Despite our critiques, ILSAs’ high costs, 
and policy-makers’ often misguided in- 
ferences, we certainly do not believe that 
ILSAs—such as Programme for Interna- 
tional Student Assessment (PISA), Trends 
in International Mathematics and Science 
Study (TIMSS), or Progress in International 
Reading Literacy Study (PIRLS)—should be 
abandoned. ILSAs provide a unique refer- 
ence framework for understanding national 
results and patterns of relationships. As 
such, they can be invaluable for mobilizing a 
country’s political will to invest resources in 
education. ILSA data have also served as the 
foundation for hundreds of secondary analy- 
ses that have addressed important education 
policy questions. But to fulfill their promise, 
changes are needed in their interpretation, 
dissemination, and analysis and in the strate- 
gies used to design future assessments. 


UNPACKING EAST ASIAN SUCCESSES 

In 2012, the seven jurisdictions with the 
highest mean mathematics PISA scores 
were Shanghai, Singapore, Hong Kong, Tai- 
wan, South Korea, Macau, and Japan. Be- 
fore concluding that adopting any feature 
of East Asian education—such as mastery 
textbooks, the “solution du jour” recently 


Published by AAAS 


adopted by Great Britain (2)—would im- 
prove the test scores of students elsewhere, 
consider the following. 

ILSA samples aren’t necessarily repre- 
sentative of a jurisdiction’s relevant age (or 
grade) group. PISA defines its target popu- 
lation as “15-year-olds enrolled in education 
institutions full-time.” Until recently, China 
had an internal passport system in which mi- 
grants from the countryside could not enroll 
in urban schools. In 2014, the Organization 
for Economic Cooperation and Development 
(OECD), which sponsors PISA, admitted that 
the 2012 Shanghai sample excluded 27% of 
15-year-olds (in the United States, the compa- 
rable statistic was ~11%) (3). Less-developed 
OECD countries, such as Mexico and Tur- 
key, have similar problems because as many 
as 40% of their 15-year-olds have already 
dropped out. The full consequences of these 
exclusions for country-level means is not 
known, but it is likely that excluded students 
come from the lower end of the achievement 
distribution. 

Results from single cities (such as Shang- 
hai), city states (such as Singapore), or coun- 
tries with national education systems (such 
as France) aren’t comparable with those from 
countries with decentralized systems (such 
as the United States, Canada, and Germany). 
For decentralized systems, country-level sum- 
maries are almost meaningless because they 
conceal substantial within-country hetero- 
geneity in policies and practices. In 2015, for 
example, Massachusetts participated in PISA 
as a separate jurisdiction. Its mean reading 
score was Statistically indistinguishable from 
those of the top performing East Asian na- 
tions; its mean mathematics score was more 
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middling, but if the state were treated as a 
country, it would still have ranked 12th (4). 

The number of credible school-based pre- 
dictors of student test scores always exceeds 
the number of countries assessed. Even as 
ILSA coverage expands, most include 50 to 75 
countries or jurisdictions. Education experts 
could suggest 50 to 75 credible predictors of 
country-level test scores: Mastery textbooks? 
Teacher training? Teaching methods? Peer ef- 
fects? With as many plausible predictors as 
there are countries in any analysis, it’s im- 
possible to conclude whether any particular 
feature of an education system—even one 
highly correlated with country-level mean 
test scores—definitively explains differences 
in student performance. 

Test scores are also affected by many fac- 
tors outside of school, so it’s a mistake to treat 
test scores as unconditionally valid indicators 
of the quality of an education system. For 
example, in East Asia, as elsewhere, private 
tutoring is widespread. Korea is the most 
prominent example, where approximately 
half the 2012 PISA participants reported re- 
ceiving private tutoring, often focused on test 
preparation. Overall, expenditures on pri- 
vate tutoring added 2.6% of gross domestic 
product to the government’s contribution of 
3.5% toward education (5). One plausible in- 
terpretation of Korea’s and other East Asian 
jurisdictions’ ILSA results is that they are not 
a result of the public education systems but 
rather this substantial private investment. 

Student motivation to take low-stakes 
assessments varies across countries. ILSA 
scores have no consequences for individuals, 
so students must be motivated to do their 
best. It’s plausible that students from East 
Asian cultures score higher partially because 
they’re conditioned to perform their best on 
any test, even a low-stakes ILSA. 

Rankings are derived from country-level 
means, and the corresponding confidence 
intervals are sufficiently wide that countries 
with substantially different ranks may be 
statistically indistinguishable. For example, 
in PISA 2015, Canada ranked 10th in math- 
ematics, but its 95% confidence interval over- 
laps with Korea (ranked 7th) and Germany 
(ranked 16th) (6). Over time, rankings are 
also affected by which jurisdictions take part 
in a particular ILSA administration, so that 
a country’s ranking can shift even when its 
performance remains stable. 

Even if no single critique “explains away” 
the strong performance of students in East 
Asian countries, this constellation of con- 
cerns calls into question any simplistic 
conclusion based on rankings. Yet as long 
as ILSA results are primarily reported as 
league tables, a mix of nationalism, fears 
about global competitiveness, and human 
nature inevitably lead policy-makers in 
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countries with poor or declining perfor- 
mance toward unitary “silver bullet” solu- 
tions based on highly aggregated data. 


MORE PROMISING NUANCED ANALYSES 
We see much more promise in analyses of 
ILSA data disaggregated to levels below the 
country, be it by geographic region, province, 
or state, or by school or student characteris- 
tics. The best of these analyses incorporate a 
second data source now common in ILSAs: 
background questionnaires filled out by stu- 
dents, parents, teachers, and/or principals. 

Jerrim (7), for example, used 2012 PISA 
data from Australia to probe the East Asian 
success stories. The subgroup of second- 
generation immigrants from top-performing 
East Asian countries had scores comparable 
with those East Asian countries, despite at- 
tending Australian schools that generally 
had much lower scores. Even acknowledging 
that immigrants are not a random sample 
of individuals from the originating country, 
this analysis suggests that family factors play 
a substantial role in ILSA test score differ- 
ences and illustrates insights that come from 
within-country analyses. 

Within-country analyses, of course, 
do not require ILSA data. The promise of 
ILSAs comes from comparing within-coun- 
try analyses across countries. For example, 
Schmidt and McKnight (8) found that 
countries that have less curricular cover- 
age of particular topics—for example, the 
United States does not emphasize physical 
sciences in curricula before high school— 
have poorer performance on those topical 
dimensions of TIMSS than countries whose 
curriculum covers more of that content 
(such as Korea). Secondary analyses such 
as these abound but rarely have the same 
impact as the initial league tables because 
these results typically appear long after 
the data release, sometimes after the next 
round of ILSA rankings has been released. 

Another persistent analytic challenge is 
the construction of indicators of background 
characteristics that are equally reliable and 
valid across countries and cultures. Creat- 
ing comparable composites—for example, of 
socioeconomic status (SES)—is even harder. 
PISAs SES indicator, the International Socio- 
Economic Index of Occupational Status, faces 
multiple obstacles, including varying views of 
parental occupational status (such as the rel- 
ative status of engineers, doctors, and teach- 
ers differs across countries) and whether the 
items combined (for example, having a desk 
at home or a cellphone) really tap into a com- 
mon underlying variable across countries (1). 

Despite cross-cultural equivalence chal- 
lenges, we find three types of cross-country 
comparisons of within-country analyses es- 
pecially promising because—even when they 
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do not yield causal inferences, and they usu- 
ally do not—they can suggest interesting hy- 
potheses worthy of further study. 

Benchmark within-country relationships 
across culturally similar countries. Consider 
two illustrative comparisons of 2012 PISA 
mathematics scores: (ij) Hong Kong and 
Taiwan have very similar means, but the 
strength of the relationship between stu- 
dents’ scores and SES is three times greater 
in Taiwan than in Hong Kong; and (ii) Cana- 
da’s mean is 37 points higher than that of the 
United States, but the relationship between 
scores and SES is noticeably weaker in Can- 
ada than in the United States (9). We believe 
that benchmarking analyses such as these 
are more likely than league tables to lead 
countries with less equitable systems (here, 
Taiwan and the United States) to experiment 
with strategies their neighbors have used to 
improve educational equity. 

A focus on the distribution of achievement 
within countries is needed. Recognizing the 
limitations of comparing means, ILSA league 
tables are increasingly supplemented with the 
percentages of students in each jurisdiction 
with especially high or low scores. For exam- 
ple, only 9% of U.S. students scored in the top 
two categories on the 2012 PISA mathemat- 
ics assessment. By comparison, five OECD 
countries and six participating jurisdictions 
had more than double that percentage (9). 
Although these percentages are imprecise 
(as we explain above, regarding country-level 
means), differences of this magnitude sug- 
gest that the United States might consider 
experimenting with different approaches to 
offer high-achieving students appropriately 
challenging learning opportunities. 

Comparing within-country natural ex- 
periments across countries would also be 
valuable. Natural experiments provide a 
credible basis for causal inference when 
researchers can effectively argue that the 
assignment of individuals to “treatments” 
is approximately random. Natural experi- 
ments that use ILSA data go a step further 
by assessing—using a common outcome— 
whether similar treatment effects are 
found in multiple jurisdictions. Bedard 
and Dhuey (J0), for example, examined 
the effect of age at kindergarten entry on 
student achievement. Younger students— 
in both fourth and eighth grades—scored 
significantly poorer, on average, than their 
older peers, across a wide range of coun- 
tries, demonstrating that despite the hope 
that differences by age within grade would 
fade over time, they do persist into adoles- 
cence. This suggests the need to study fur- 
ther the long-term effects of school entry 
policies on student outcomes and, perhaps, 
experiment with alternative policies (for 
example, allowing parents to wait another 
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year before enrolling a child who would 
otherwise be especially young for his or 
her grade). 


FIVE SUGGESTIONS FOR IMPROVEMENT 
ILSAs have improved considerably since 
the First International Mathematics Study 
of 1964: The tests are better; cross-cultural 
equivalence is a recognized, if not fully real- 
ized, priority; test administration and scoring 
methods have been upgraded; and sampling 
strategies and analytic approaches have been 
enhanced. But opportunities for improve- 
ment remain. We offer five concrete sugges- 
tions that we believe are most likely to yield 
payoffs commensurate with the increased 
costs associated with each. 

ILSA sponsors—OECD for PISA and the 
Programme for the International Assess- 
ment of Adult Competencies (PIAAC), and 
the International Association for the Evalu- 
ation of Educational Achievement (IEA) for 
TIMSS and PIRLS—should develop com- 
munications materials and strategies that 
de-emphasize rankings. There is no doubt 
that country rankings (league tables) are a 
major driver of ILSA-related publicity. All 
ILSAs have governing boards of representa- 
tives from participating countries that play 
a major role in setting ILSA policies; these 
boards, if they had the political will, could 
press sponsors to disseminate results by 
using strategies that make it easier for the 
media to do a better job of reporting results 
and presenting balanced interpretations. 

For example, when the U.S. National Cen- 
ter for Education Statistics released data 
from 2014 PIAAC—the U.S. ranked 13th— 
they color-coded the graphs to help readers 
compare the United States to three groups 
of countries: the seven with means that were 
significantly higher, the eight with means that 
were statistically indistinguishable (some 
higher; some lower), and the six with means 
that were significantly lower (11). Statistics 
Canada’s comparable PIAAC report presented 
graphs of country-level means accompanied 
by 95% confidence intervals and box plots 
displaying each country’s 5th, 25th, 75th, 
and 95th percentiles; they also displayed the 
results for Canada as a country and for each 
of its 10 provinces (72). Individual jurisdic- 
tions are particularly well positioned to pres- 
ent data this way because they can use their 
home country as the focal anchor. 

National statistical agencies should fa- 
cilitate linking their ILSA data to other data 
sources. Many secondary analyses of ILSA 
data would benefit from better measures of 
background characteristics, especially SES. 
In economically well-developed countries 
where census data are routinely collected 
(including most OECD countries), reliable 
indicators of school and community charac- 
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teristics collected for other purposes could be 
linked to ILSA data. These indicators would 
be more accurate and fine-grained than any- 
thing currently available in ILSAs. Countries 
with national registration systems (such as 
Norway and Sweden) have even greater op- 
portunities. Sweden’s National Agency for 
Education, for example, linked TIMSS scores 
to students’ school grades, finding a strong 
positive correlation (13). This lends greater 
credibility to the validity claims of these low- 
stakes assessments, at least in Sweden and 
perhaps in other Scandinavian countries. 

Capitalizing on the move to digitally based 
assessments (DBAs) should be a priority. 
ILSAs are shifting to computerized adminis- 
tration (as are many national assessments). 
DBAs will improve administration and 
data processing and can enhance accuracy 
through adaptive testing, which tailors suc- 
cessive questions to the current estimate of 
a student’s proficiency level. Log files docu- 
menting participant interactions with the 
assessment can be used to study response 
patterns and their relationships to student 
effort and performance (1). 

Piloting the addition of longitudinal com- 
ponents to current cross-sectional designs. 
would also be helfpul. Learning is about 
change, not status. To compare student 
performance and credibly identify its pre- 
dictors both within and across education 
systems, longitudinal studies are essential 
(14). Realizing the benefits of longitudinal 
data, many countries track their students: 
some are based on ILSA samples (for ex- 
ample, Denmark and Switzerland have fol- 
lowed PISA participants), whereas others are 
homegrown (such as the Early Childhood 
Longitudinal Study in the United States and 
the National Educational Panel Study in 
Germany). Although country-specific tests 
can, in principle, be linked to ILSAs across 
countries for particular ages or grades, the 
linkages have been too weak to support 
cross-country analyses of within-country 
longitudinal data. Of course, there are some 
reasonable objections to this suggestion: (i) 
longitudinal tracking is expensive, (ii) attri- 
tion is a major concern, and (iii) it isn’t clear 
that the knowledge gain would be worth the 
cost. But the only way to address these con- 
cerns is to try some pilots and use the experi- 
ence to better gauge costs against benefits. 
We believe the move to DBAs may make ex- 
perimentation with longitudinal extensions 
feasible and worthwhile. 

An alternative that has achieved some suc- 
cess is tracking a particular cohort by draw- 
ing (different) random samples of that cohort 
over time so as to construct “pseudo-panel” 
data. For example, the PISA cohort of 15-year- 
olds is contained within the PIAAC popula- 
tion of 20- to 25-year-olds 10 years later. A 
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related approach is to use a differences-in- 
differences methodology to make putative 
causal inferences from such data. The core 
idea is to relate, at the country level, changes 
over time in explanatory factors to corre- 
sponding changes in test performance. 

Findings from ILSA analyses should be 
used to stimulate randomized field trials 
(RFTs) that test the effects of specific inter- 
ventions. This is less about improving ILSAs 
per se and more about appropriate steps af- 
ter ILSA analyses suggest potential policy 
interventions. Of our five suggestions, we 
believe that this one is most likely to yield 
improvements in education policy. OECD 
and IEA have conducted RFTs investigating 
the effects of various features of ILSA de- 
sign (such as modes of administration), but 
to our knowledge, none have suggested that 
countries use the results of ILSA analyses— 
that, at best, raise interesting questions—to 
sponsor RFTs in order to rigorously test the 
putative causal effects of policies identified 
through analyses of ILSA data. 

Despite their many problems, ILSAs are— 
and should be—here to stay. They can serve 
as powerful instruments of change, although 
the nature and extent of their influence var- 
ies by country and over time (15). But to truly 
fulfill their promise, the ILSA community 
should begin planning trials and experiments 
with these and other strategies (J). 
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Revisiting a tragedy at Gombe 


Haunting clues suggest psychological distress preceded a 
researcher's 1969 death at Goodall’s African research center 


By Malissa Stark-Rodenburg 


very individual matters. Every indi- 
vidual has a role to play. Every in- 
dividual makes a difference,’ wrote 
Jane Goodall in her 2003 story col- 
lection, With Love. In his new book, 

The Ghosts of Gombe, Goodall’s offi- 

cial biographer, Dale Peterson, 
captures that same sentiment, 
examining the individuals who 
made her research possible 
and recounting the mysterious 
death of a woman at the Gombe 
Stream Research Centre in 1969. 
The book follows several young 
researchers who made their way 
to the center in the late 1960s 
under varying personal circum- 
stances. Carole Gale, a 19-year-old 
American, offered to volunteer at 
the center while she was studying 
in Nairobi at the Friends World In- 
stitute. Geza Teleki, a 25-year-old 
Hungarian anthropology graduate student at 
Penn State, arrived in Africa hoping to study 
under the Kenyan paleoanthropologist Louis 
Leakey. Through a series of misunderstand- 
ings, he found himself spending time with 
Goodall, who arranged for him to work at 
Gombe. Ruth Davis, age 25, was working as 


The reviewer is a freelance science writer based in Denver, 
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The Ghosts of Gombe 
A True Story of Love 
and Death in an 
African Wilderness 


Dale Peterson 
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Press, 2018. 232 pp. 


a typist in the United States after graduating 
from George Washington University, when 
Teleki (with whom she had had a romantic 
relationship) encouraged her to take a job 
that he arranged for her. 

When they arrived, the methods used to 
study chimps were still very similar to those 
pioneered by Goodall in the early 1960s. 
(Goodall was living in Ngorongoro 
during this period but still visited 
the camp a few times each year.) 
Chimps were lured into camp 
with bananas, where scientists dil- 
igently recorded everything they 
observed. Their notes were typed 
up later and entered into what 
was known as the “A-record.” 

It was Teleki, Gale, and Davis 
who persuaded Goodall to let 
them follow the chimps into the 
forest and observe them in their 
natural environment. (Data col- 
lected from such expeditions were 
recorded in the “B-record.”) 

“The A-record observations in camp were 
based on watching chimps act on an artifi- 
cial, human-created stage in front of a human 
audience,” observes Peterson. “Everyone who 
did the B-record follows ... recognized that 
in leaving the human stage and the human 
audience, they were entering the chimpanzee 
world and beginning to consider or imagine 
what it might be like to be an ape, a nonhu- 
man ape, in an ape’s world.” 


Published by AAAS 


Jane Goodall observes a pair of chimpanzees 
in Tanzania in 1987. 


A wealth of new behaviors were revealed 
during these expeditions, including the 
process by which chimpanzees overthrow 
a leader, as well as actions the researchers 
likened to acts of warfare. Teleki, Gale, and 
Davis bonded over their observations during 
the evenings, sharing the conflicted emotions 
they felt about their work—loving the chimps, 
on the one hand, while trying to remain ob- 
jective scientific observers, on the other. 

On 12 July 1969, Davis set out on a B- 
record follow and never returned. She was 
found dead at the base of a waterfall 6 days 
later. Was it an accident? Was she pushed? 
Did she jump? 

At this point in the story, Peterson shifts 
focus from the chimps to the relationships 
between the researchers. Thoroughly, he 
scrutinizes letters Davis sent to her parents 
and to Teleki (who had returned to America 
by then). He analyzes the audio records she 
made on her final outing and collects per- 
sonal accounts from her peers, which reveal 
that she had become withdrawn from the 
group in the months before her death. 

“Such interior tectonics took place in a sit- 
uational context: of isolation and intensity,” 
writes Peterson in an attempt to explain the 
emotions that can arise during remote field 
work. But how does an experienced young ex- 
plorer end up dead at the base of a waterfall? 

Peterson ultimately concludes that Davis’s 
fall was neither a straightforward accident 
nor a suicide, although he does point to her 
mental state as a factor in her death. “Ruth’s 
failure to find an intimate connection within 
that tiny human community was compen- 
sated for in part by her success in knowing 
the chimps and her sense of discovering an 
intimate belonging with them,” he writes. She 
believed that she was capable of traversing 
the same treacherous paths that they trav- 
eled, he speculates—an error that she paid 
for with her life. 

It’s challenging to put together a complete 
picture so long after the events, but Peter- 
son uses letters, camp records, and personal 
accounts to tell the story artfully. He relays 
information from his interviewees warily, 
knowing how memory works, especially 
when it comes to emotional experiences. 

Jane Goodall has spent a lifetime trying to 
understand the behaviors and relationships 
of the apes in Tanzania. With The Ghosts of 
Gombe, Dale Peterson has attempted to do 
the same for the people who made her re- 
search possible. It is the similarities between 
these two endeavors that make his book a 
worthwhile read. 


10.1126/science.aas9266 
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2001, 50 years later 


A new book celebrates the making of the iconic space 
odyssey and its enigmatic director 


By J. P. Telotte 


ifty years after its appearance, 2001: 
A Space Odyssey remains a film that 
commands attention. This is partly 
because of its status as the most influ- 
ential science fiction movie ever made; 
partly because of the ever-growing rep- 
utation of its director, Stanley Kubrick; and 
partly because it has always been a work that 
confounds easy interpretation—and so read- 
ily opens itself to multiple interpretations. 
Michael Benson’s Space Odyssey, an epic- 
like account of the film’s planning, making, 


of the genre, tellingly titled “The Imagina- 
tion of Disaster.” 

Benson recounts how Kubrick sought to 
stake out a different path for the genre. He 
cites the director’s first letter to noted Brit- 
ish science fiction writer Arthur C. Clarke, 
wherein Kubrick declared that he wanted 
to do “the proverbial ‘really good’ science 
fiction movie” and wanted Clarke as a col- 
laborator. This path would steer clear of 
what Kubrick’s wife Christiane termed “‘little 
green men stuff?” while seeking inspiration 
in Homer, his Odyssey, and the “archetypal 
workings of human mythological yearnings.” 


and reception, will hardly answer all of the 
questions that haunt it, but his thoroughly 
researched, multivoiced narrative should 
become essential reading for anyone want- 
ing to penetrate the mysteries that continue 
to swirl around this work and its creator. 
Before 2001, the science fiction film had 
largely been a form modeled on pulp sci- 
ence fiction. Such films usually featured 
adventuring in outer space, alien invasion, 
or monstrous encounters. Just 2 years be- 
fore its release in 1968, the writer and 
filmmaker Susan Sontag published her in- 
fluential—and largely dismissive—overview 
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Stanley Kubrick (right) gives direction to actor Gary Lockwood on the set of 2001: A Space Odyssey. 


Benson provides a detailed account of 
how this ambitious aim was accompanied 
by prodigious preproduction research, at- 
tention to accuracy in the smallest details, 
and advice from top experts in various 
fields. In addition to Clarke, Kubrick sought 
the assistance of special effects figures Con 
Pederson and Douglas Trumbull, space 
flight consultant Frederick Ordway, actor/ 
choreographer Dan Richter, production 
designer Tony Masters, cinematographer 
Geoffrey Unsworth, and many others, all of 
whom participated in what Benson terms “a 
kind of extended collective improvisation.” 

While emphasizing this “collective” prod- 
uct, Benson never loses sight of Kubrick’s 
orchestrating hand—or mind. He emphasizes 
others’ impressions of the director, as when 
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Stanley Kubrick, Arthur C. 
Clarke, and the Making 
of a Masterpiece 
Michael Benson 

Simon & Schuster, 

2018. 525 pp. 


publicist Roger Caras declared him “a genius,” 
when Clarke called him “perhaps the most 
intelligent person I’ve ever met,’ and when 
cinematographer John Alcott suggested that, 
if he hadn’t been a director, he would have 
been “the greatest lighting cameraman in the 
world.” The image that emerges is of a person 
who could bring together great talent, who 
encouraged a “creative ferment,’ but who 
also exercised great control over his films. 

As Clarke and Kubrick brainstormed about 
the general format and specific plot details of 
2001, and Clarke worked on a novelization 
originally intended to help sell the project 
to a studio and later to publicize the forth- 
coming film, Benson reveals that the cast and 
crew “never had a finished script,’ that there 
was no agreed-upon ending, and that major 
elements of the film changed from day to day. 

Those changes were both big and small 
and reflected a constant sharpening of Ku- 
brick’s ideas. As his conception of his astro- 
nauts’ electronic assistant changed from 
robot to computer and from guardian to 
flawed killer, a new view of humanity’s rela- 
tionship to electronic intelligence emerged. 
And as Kubrick sought an image sufficiently 
evocative of alien presence, the mysterious 
monolith that instigates 200I’s journey 
changed from a crystal pyramid to a black 
slab, which he felt was easier to work with, 
while still being suggestive of the unknown. 

Kubrick’s original plans to use a voice-over 
narration for various parts of the film—ex- 
position laboriously crafted by Clarke—also 
changed dramatically over time. 200] ulti- 
mately became a “largely nonverbal work” 
that depended on mysterious and evocative 
images for much of its impact. 

While Benson’s Space Odyssey is hardly 
a gloss on those haunting images, nor a full 
accounting of the film’s impact or Kubrick’s 
directorial manner, it is a compelling point 
of access for those who want to further ex- 
plore the mysteries of this film and its gifted 
director. A rigorously researched effort, the 
book gives voice to many of those involved in 
2007s making, a number of whom expressed 
that the experience changed their lives. With- 
out trying to be a biography, it also grants us 
much insight into the enigmatic director of 
one of the most compelling science fiction vi- 
sions in the history of the cinema. 


10.1126/science.aatl489 
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EVOLUTIONARY BIOLOGY 


On the evolution of baleen whales 


aleen whales include the largest animals that have ever lived, but their evolutionary 

history has been difficult to decipher because of conflicting evidence from genes and 

morphology. Arnason et al. conducted whole-genome sequencing of the blue whale and 

five other baleen species to reconstruct their evolutionary history in detail. All exist- 

ing species originated within the past 10 million years as global climates progressively 
cooled toward the poles. Taxonomic relationships are complicated by evidence of gene flow 
and hybridization among species facilitated by the absence of geographic barriers. Speciation 
occurred within an interwoven network of co-occurring lineages, rather than the classical 
Darwinian pattern of bifurcating trees that is characteristic of most animals. —JJ 


Sci. Adv. 10.1126/sciadv.aap9873 (2018). 


Gene flow among baleen whales is complex. 


EMERGING INFECTIONS 
Postnatal perturbation 
by Zika virus 


Much of the concern surround- 
ing Zika virus infections focuses 
on fetuses infected in utero. 
Mavigner et al. reasoned that 
this neurotropic virus may have 
deleterious effects even after 
birth. They found that infant rhe- 
sus macaques infected with Zika 
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virus had peripheral and central 
nervous system pathology. The 
infected animals had structural 
and functional brain abnormalities 
and altered emotional responses. 
These differences persisted 
months after the virus had been 
cleared. Thus, infants and young 
children exposed to Zika virus 
should perhaps undergo more 
than just routine monitoring. —LP 
Sci. Trans]. Med. 10, eaao6975 (2018). 


Herpesvirus capsid 
in high resolution ay 
Yuan et al., p. 48 


SOLAR CELLS 
Light relaxes hybrid 
perovskites 


lon migration in organic- 
inorganic perovskite solar cells 
limits device stability and per- 
formance. Tsai et al. found that 
a cesium-doped lead triiodide 
perovskite with mixed organic 
cations underwent a uniform 
lattice expansion after 180 min 


Published by AAAS 


of exposure at 1 sun of illumi- 
nation. This structural change 
reduced the energy barriers for 
charge carriers at the contacts 
of solar cells. The resulting 
increase in power conversion 
efficiency from 18.5 to 20.5% 
was maintained for more than 
1500 hours of illumination. 
—PDS 


Science, this issue p. 67 


STEM CELLS 
Signaling hematopoietic 
stem cells from afar 


Throughout our entire life 
span, hematopoietic stem 
cells (HSCs) generate all of our 
blood cells. The bone marrow 
microenvironment, or niche, is 
key to activating stem cell activ- 
ity. Decker et al. now show that 
thrombopoietin generated in the 
iver, but not from the local bone 
marrow niche, maintains HSCs 
in vivo in mice. Thus, systemic 
endocrine factors are needed 
to maintain somatic stem cells 
from a distance. These findings 
may be important when consid- 
ering how to stimulate HSCs for 
therapeutic use. —BAP 

Science, this issue p. 106 


TOPOLOGICAL MATTER 
Beyond fractional 
quantum Hall 


Unlike most electronic topologi- 
cal phenomena, the fractional 
quantum Hall effect requires 
correlations among electrons. 
Spanton et al. describe a class of 
related but even more unusual 
states, the fractional Chern 
insulators (see the Perspective 
by Repellin and Regnault). 

They observed these states in 
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samples of bilayer graphene, 
where one of the graphene lay- 
ers was misaligned by a small 
angle with respect to an adjoin- 
ing layer of hexagonal boron 
nitride. The misalignment 
created a superlattice potential 
and topologically nontrivial 
bands, which had a fractional 
filling, thanks to strong elec- 
tronic interactions. The findings 
expand the class of correlated 
topological states, which have 
been predicted to harbor exotic 
excitations. —JS 

Science, this issue p. 62; 

see also p. 31 


MOLECULAR BIOLOGY 
Live imaging of DNA 
loop extrusion 


To spatially organize chro- 
mosomes, ring-shaped 
protein complexes includ- 
ing condensin and cohesin 
have been hypothesized to 
extrude DNA loops. Condensin 
has been shown to exhibit 
a DNA-translocating motor 
function, but extrusion has not 
been observed directly. Using 
single-molecule imaging, 
Ganji et al. visualized in real 
time a condensin-mediated, 
adenosine triphosphate— 
dependent, fast DNA loop 
extrusion process. Loop extru- 
sion occurred asymmetrically, 
with condensin reeling in only 
one end of the DNA. These 
data provide unambiguous 
evidence of a loop extrusion 
mechanism for chromosome 
organization. —SYM 

Science, this issue p. 102 


ANCIENT GENOMES 
Revisiting the origins 
of modern horses 


The domestication of horses 
was very important in the his- 
tory of humankind. However, 
the ancestry of modern horses 
and the location and timing 
of their emergence remain 
unclear. Gaunitz et al. 
generated 42 ancient-horse 
genomes. Their source 
samples included the Botai 
archaeological site in Central 
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Asia, considered to include the 
earliest domesticated horses. 
Unexpectedly, Botai horses 
were the ancestors not of mod- 
ern domestic horses, but rather 
of modern Przewalski's horses. 
Thus, in contrast to current 
thinking on horse domestica- 
tion, modern horses may have 
been domesticated in other, 
more Western, centers of origin. 
—LMZ 


Science, this issue p. 111 


NEUROSCIENCE 
Asmall molecule for 
stroke therapy 


Better therapies for motor 
impairments after stroke are 
greatly needed. In mice and 
nonhuman primates, Abe 
et al. found that edonerpic 
maleate enhanced synap- 
tic plasticity and functional 
recovery after a traumatic 
insult to the brain (see the 
Perspective by Rumpel). This 
recovery of motor function was 
accompanied by functional 
reorganization of the cortex. 
—PRS 

Science, this issue p. 50; 

see also p. 30 


NITROGEN CYCLE 
Freed from a rocky 
embrace 


Nitrogen availability is a central 
controller of terrestrial plant 
growth and, thereby, of the 
carbon cycle and global climate 
change. It has been widely 
assumed that the atmosphere 
is the main source of terrestrial 
nitrogen input. Surprisingly, 
Houlton et al. now show that 
bedrock is just as large a 
nitrogen source across major 
sectors of the global terrestrial 
environment. They used three 
diverse and largely independent 
assessments of the nitrogen 
mobility and reactivity of rocks 
in the surface environment. 
These approaches yielded 
convergent estimates pointing 
to the equal importance of the 
atmosphere and bedrock as 
nitrogen sources. —HJS 

Science, this issue p. 58 
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PLANT SCIENCE 


Edited by Caroline Ash 
and Jesse Smith 


Specializations for alpine living 


Ipine plants called saxifrages have distinctive features 
that allow them to survive subzero temperatures and 
desiccating conditions. These plants’ leaves are small, 
spiny, and succulent, and they ooze material from hyda- 
thode glands around their perimeter that forms a shiny 
crust on the leaf surface. Wightman et al. show that Saxifraga 
scardica from the Balkans also has a distinctive transpar- 
ent leaf margin that apparently deflects incident light into 
inner, photosynthetic layers of the leaf. Such anatomy may 
be an adaptation to the diminished light environments in 
craggy alpine topography. Raman spectroscopy revealed that 
different saxifrage species secrete different combinations 
of materials. S. scardica secretions are composed of calcite 
and vaterite. The latter is a metastable calcium carbonate 
polymorph that is rare in nature and has features that might 
make it useful as a drug-delivery vehicle. —PJH 


Flora 10.1016/j.flora.2018.02.006 (2018). 


METABOLISM 
Refining diabetes 
into five types 


Diabetes has traditionally been 
classified as either type 1 or type 
2. Ahlqvist et al. analyzed nearly 
15,000 Scandinavian patients 

to refine the conventional 
diabetes classification system. 
Using six biological param- 
eters and phenotype-based 
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Transparent leaf margins channel 
light into saxifrage leaves. 


clustering, the researchers 
found that patients were strati- 
fied into five subgroups. These 
subgroups differed in genetic 
associations, disease progres- 
sion, and medical outcomes. 
For example, individuals in the 
insulin-deficient subgroup were 
more susceptible to develop- 
ing retinopathy. In contrast, the 
patients who were most resis- 
tant to insulin were more prone 
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Aging muscle 
doesn’t waste away in 
active individuals. 


to developing diabetic kidney 
disease than other subgroups. 
Updating the diabetes classifica- 
tion may help predict and assist 
those patients at greatest risk 
for complications and improve 
personalized care. —PNK 

Lancet Diabetes Endocrinol. 10.1016/ 

$2213-8587(18)30051-2 (2018). 


CANCER 
Tumor-agnostic therapy 
gets on TRK 


In precision oncology, treatment 
is tailored to match the specific 
mutations that drive tumor 
growth. To date, this targeted 
approach has emphasized highly 
recurrent mutations specific 

to certain tumor types—for 
example, the BRAF mutations 
that occur in about 40% of 
melanomas. This paradigm of 
tumor type-specific therapy 

is changing, however, with the 
recognition that diverse tumor 
types can share the same 
low-frequency mutations. 
Recent clinical work illustrates 
the promise of “tumor-agnostic” 
targeted therapy. Drilon et al. 
studied 55 patients with 17 
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distinct tumor types that har- 
bored rare chromosomal fusions 
involving tropomyosin receptor 
kinase (TRK) genes. They found 
that larotrectinib, a TRK inhibitor, 
produced durable responses 
in about 70% of the patients, 
regardless of their tumor’s tissue 
of origin. —PAK 

New Engl. J. Med. 378, 731 (2018). 


MATERIALS SCIENCE 
Arevealing view of oxides 


Oxide layers provide a protective 
barrier coating for underlying 
metals, although, if damaged, 
they can accelerate underlying 
degradation such as corrosion 

in pitted areas or intergranular 
cracking. However, oxide layers 
often do not flow the same way 
as the underlying metal when 
stressed. Yang et al. used electron 
microscopy in an oxygen environ- 
ment to probe the deformation 

of aluminum, a tricky problem 
because of the speed at which 
alumina forms. As two welded tips 
were pulled apart, the alumina 
showed liquid-like flow behavior 
that could match the movement 
of the underlying aluminum. At 
high deformation rates, where 
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fresh aluminum was exposed, the 
authors observed self-healing of 
the coating through the seamless 
coalescence of new oxide islands. 
—MSL 
Nano Lett. 10.1021/acs. 
nanolett.8b00068 (2018). 


EDUCATION 
Abalance between 
content and process 


Process of science (POS) 
skills, such as communica- 
tion, experimental design, 

and data analysis, are critical 
components of STEM (science, 
technology, engineering, and 
math) curricula. Balanced with 
teaching content, how much 
time should be spent on teach- 
ing POS, and which POS skills 
should be prioritized? Addis 
and Powell-Coffman surveyed 
faculty and students across 

six science disciplines on time 
allotted to POS and which POS 
skills were most important. 
Whereas students approved 

of time spent on POS, faculty 
found this same amount of time 
to be insufficient. Students and 
faculty agreed that the POS 
skills of problem-solving, critical 
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muscle: Use it 


or lose it 


tis perhaps not muscle that disap- 
pears as we age, but our preference 
and capacity for exercise. Pollock et al. 
examined the vastus lateralis muscle 
(part of the quadriceps) in a set of 


undred 55- to 79-year-olds who 


cycled more than 100 miles a week. They 


muscle fiber type, fiber size, ade- 


nosine triphosphatase activity, capillary 


nd abundance of mitochondrial 


proteins. The one measured parameter 
that showed a statistically significant 
change wi 
capillary density. Thus, in this cohort of 
recreational distance cyclists, where sed- 


th age was a decrease in 


havior was taken out of the mix, 


there was little deterioration of muscle 
caused by inherent aging processes. 


Aging Cell 10.1111/acel.12735 (2018). 


thinking, and communication 
were important but disagreed 
about several others, suggest- 
ing a disconnect in the way that 
these two groups define specific 
POS skills. Findings from this 
study will help inform future 
curriculum development. —MMc 
J. Coll. Sci. Teach. 47, 72 (2018). 


PEROVSKITE MATERIALS 
Layers for red 
luminescence 


Two-dimensional organic- 
inorganic perovskites differ 
from their three-dimensional 
counterparts by having a 
quantum well structure that can 
alter their luminescent proper- 
ties. Typically, these materials 
are formed by replacing A-site 
cations such as cesium 
with larger organic cations. 
Nazarenko et al. found that lead 
halide with two smaller cations, 
formamide (FA) and guanidinium 
(G)—FAGPbI,—exhibited red 
photoluminescence at room 
temperature and was stable up 
to 255°C. The material is also 
photoconductive. —PDS 

J.Am. Chem. Soc.10.1021/ 

jacs.8b00194 (2018). 


sciencemag.org SCIENCE 
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STRUCTURAL BIOLOGY 
Focusing in on 
herpesvirus 


The herpesvirus family includes 
herpes simplex virus type 1 
(HSV-1), which causes cold 
sores, and type 2 (HSV-2), 
which causes genital herpes. 
Herpesviruses comprise a large 
DNA genome enclosed in a large 
and complex protein cage called 
a capsid (see the Perspective by 
Heldwein). Dai and Zhou used 
electron microscopy to deter- 
mine a high-resolution structure 
of the HSV-1 capsid bound to the 
tegument proteins that occupy 
the space between the capsid 
and the nuclear envelope. The 
structure suggests how these 
components may play a role 
in viral transport. Yuan et al. 
describe a higher-resolution 
structure of an HSV-2 capsid, 
providing insight into how the 
shell assembles and is stabilized. 
—VV 

Science, this issue p. 47, p. 48; 

see also p. 34 


CELL BIOLOGY 
A quick fix for 
leaky endosomes 


Cells internalize diverse mate- 
rial through various forms of 
endocytosis into an exten- 

sive endolysosomal network. 
Protecting the integrity of 
endolysosomal membranes in 
both physiological and patho- 
physiological contexts is critical 
to cell health. Skowyra et al. 
describe a role for the ESCRT 
(endosomal sorting complex 
required for transport) machin- 
ery on endolysosomal organelles 
during membrane repair (see 
the Perspective by Gutierrez 
and Carlton). The ESCRTs act 
as first responders to repair 
limited membrane damage and 
thereby restore compartmen- 
tal integrity and function. This 
ESCRT activity is distinct from 
organelle disposal pathways. 
These findings will be impor- 
tant in understanding cellular 
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responses to invading pathogens 
and potentially disruptive proin- 
flammatory particulates. —SMH 

Science, this issue p. 49; 

see also p.33 


BIOCATALYSIS 
Double rings made with 
heme 


Cyclic organic structures with 
adjacent three-carbon rings— 
bicyclobutanes—are useful 
starting materials for chemical 
and materials synthesis owing 
to their extreme ring strain. 
Constructing these molecules 
is a challenging task for organic 
chemists, especially if a single 
stereoisomer is desired. Chen 
et al. engineered a heme- 
containing enzyme to catalyze 
sequential carbene insertion 
reactions using an alkyne 
substrate. Starting with an 
enzyme that could only catalyze 
a single carbene insertion, a 
series of mutations led to vari- 
ants that catalyzed efficient, 
stereoselective production 

of bicyclobutanes. By using a 
less reactive alkyne substrate 
and screening more variants 
with active site mutations, the 
authors found enzymes that 
stop at either enantiomer of 
the intermediate cyclopropene. 
—MAF 


Science, this issue p. 71 


ORGANIC CHEMISTRY 
Asulfur matchmaker for 
fluorous coupling 


Fluorination is a burgeoning 
technique for fine-tuning the 
properties of pharmaceutical 
compounds. Unfortunately, the 
cross-coupling reactions widely 
used to make carbon-carbon 
bonds in drug research can be 
tripped up by fluorine substitu- 
ents. Merchant et al. report a 
class of easily prepared, solid 
sulfone compounds that engage 
in nickel-catalyzed coupling of 
their fluoroalkyl groups with aryl 
zinc reagents. These sulfones 
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considerably simplify the 
synthetic routes to fluorinated 
analogs that would previously 
have required multistep strate- 
gies focused strictly on the 
fluorination protocol. —JSY 
Science, this issue p. 75 


NEURODEVELOPMENT 
Embryonic hints of adult 
diversity 

The adult brain contains dozens 
of different types of interneurons 
that control and refine neuronal 
circuits. Mi et al. used single-cell 
transcriptomics to investigate 
when these subtypes emerge 
during interneuron development 
in the mouse. Transcriptomes of 
embryonic interneurons showed 
similarities to adult classes of 
differentiated interneurons, 
thus dividing the immature 
embryonic interneurons them- 
selves into classes. Nearly a 
dozen classes of embryonic 
neurons could be identified 
soon after their last mitosis by 
transcriptomic similarity with 
known classes of adult cortical 
interneurons. Thus, the fate of 
embryonic interneurons can be 
read in their transcriptomes well 
before the neurons migrate and 
reach their final sites of differ- 
entiation and circuit integration. 
—PJH 


Science, this issue p. 81 


PALEOANTHROPOLOGY 


The Middle Stone Age 
in Africa 


The Olorgesailie basin in the 
southern Kenya rift valley 
contains sediments dating 

back to 1.2 million years ago, 
preserving a long archaeologi- 
cal record of human activity and 
environmental conditions. Three 
papers present the oldest East 
African evidence of the Middle 
Stone Age (MSA) and elucidate 
the system of technology and 
behavior associated with the 
origin of Homo sapiens. Potts 


Published by AAAS 


et al. present evidence for the 
demise of Acheulean technol- 
ogy that preceded the MSA 
and describe variations in late 
Acheulean hominin behavior 
that anticipate MSA character- 
istics. The transition to the MSA 
was accompanied by turnover 
of large mammals and large- 
scale landscape change. Brooks 
et al. establish that ~320,000 
to 305,000 years ago, the 
populations in eastern Africa 
underwent a technological shift 
upon procurement of distantly 
sourced obsidian for toolmaking, 
indicating the early development 
of social exchange. Deino et al. 
provide the chronological 
underpinning for these discover- 
ies. —AMS 

Science, this issue p. 86, p. 90, 

p.95 


STEM CELLS 
Staging quiescent cells 


Tissue-specific stem cells either 
divide or wait in a quiescent 
state until needed by the body. 
Quiescent stem cells have been 
thought to reside in the G, stage 
before activating to reenter 

the cell cycle. However, Otsuki 
and Brand now show that most 
quiescent stem cells in the 
Drosophila brain are arrested 

in G,. Cells in the two phases 
display differences; for example, 
G, stem cells awaken more 
quickly than G, stem cells, with 
the conserved pseudokinase 
Tribbles playing a regulatory 
role. Elucidating the different 
pathways and mechanisms 
underlying quiescence could 
help to inform regenerative drug 
design. —BAP 


Science, this issue p. 99 


POLLUTION 
Microplastics everywhere 


Over the past decade and a half, 
numerous studies have shown 
that marine environments are 
contaminated with small pieces 
of plastic (microplastics) that 
are finding their way into sea salt 


sciencemag.org SCIENCE 


and seafood. In a Perspective, 
Rochman highlights recent 
work into microplastic pollu 
tion of freshwater and land 
environments. Microplastic con- 
tamination is just as ubiquitous 
in these environments as in the 
ocean, yet knowledge is much 
more limited. Research on fresh- 
water and land contamination 
with microplastics will be crucial 
for understanding the sources 
and transport of microplastics to 
the sea, as well as for elucidating 
the distinct processes and 
impacts in these environments 
themselves. —JFU 

Science, this issue p. 28 


NEURODEGENERATION 
A target in Parkinson’s 


disease? 

The kinase LRRK2 is activated by 
mutation in a subset of patients 
with Parkinson's disease, making 
it a possible therapeutic target. 
In a Perspective, Alessi and 
Sammler discuss the pos- 

sible mechanisms leading to 
Parkinson's disease in patients 
with LRRK2 activation. In 
particular, the authors describe 
the role of LRRK2 in regulating 
diverse RAB guanosine triphos- 
phatases, which are important in 
intracellular vesicular transport. 
Furthermore, the role of LRRK2 
in inflammation is discussed as 
a possible common pathogenic 
mechanism in Parkinson's dis- 
ease. —GKA 


Science, this issue p. 36 


NEUROSCIENCE 
From Nogo to go 


Recovery of motor function 

after spinal cord injury is limited 
by multiple inhibitors of axonal 
regeneration, such as the 
myelin-associated protein Nogo. 
Sekine et a/. found that ORLI, a 
receptor for the opioid peptide 
nociceptin, also blocked axonal 
regeneration through mecha- 
nisms that partially depended on 
the Nogo receptor NgR1. In mice, 
an ORL1 antagonist improved 
motor function recovery and 
axonal regeneration after spinal 
cord injury. These effects were 


SCIENCE sciencemag.org 


accentuated in Ngrl-deficient 
mice, suggesting a possible 
clinical benefit to using a 
combination of ORL1 and NgR1 
blockers to treat spinal cord 
injury. —WW 


Sci. Signal. 11, eaao4180 (2018). 
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Structure of the herpes simplex 
virus | capsid with associated 
tegument protein complexes 


Xinghong Dai and Z. Hong Zhou* 


INTRODUCTION: Since Hippocrates first de- 
scribed the cutaneous spreading of herpes sim- 
plex lesions, many other diseases—chickenpox, 
infectious mononucleosis, nasopharyngeal car- 
cinoma, and Kaposi’s sarcoma—have been found 
to be associated with the nine known human 
herpesviruses. Among them, herpes simplex virus 
type 1 (HSV-1, causes cold sores), type 2 (HSV-2, 
causes genital herpes), and varicella-zoster virus 
(causes chickenpox and shingles)—which all be- 
long to the a-herpesvirus subfamily—can estab- 
lish lifelong latent infection within our peripheral 
nervous system. 


Structure of the HSV-1 capsid 

with capsid-associated tegument 
proteins. Surface view of a 4.2-A 
resolution map of the icosahedral 
capsid, with a single facet shown in 
color. The structure of the vertex 

region (magnified view) was improved 
to 3.5-A resolution by subparticle ff 
refinement. P, peripentonal: C, Qs 
center; E, edge; Ta to Te, ‘ 
heterotrimeric triplexes / 
composed of Tril, Tri2A, y 
and Tri2B. 


Dai et al., Science 360, 47 (2018) 


6 April 2018 


RATIONALE: A prominent feature of these 
neurotropic viruses is the long-range (up to 
tens of centimeters) axonal retrograde trans- 
port of the DNA-containing viral capsid from 
nerve endings at sites of infection (such as the 
lips) to neuronal cell bodies at the ganglia to 
establish latency or, upon reactivation, antero- 
grade transport of the progeny viral particles 
from the ganglia to nerve terminals, resulting 
in reinfection of the dermis. Capsid-associated 
tegument complexes (CATCs) have been dem- 
onstrated to be involved in this cytoskeleton- 
dependent capsid transport. Because of the large 


-- 


- ~ “Capsid vertex with five CATCs 


CATC 
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E hexon 


C hexon 
Triplex Ta 


size (~1300 A) of HSV-1 particles, it has been 
difficult to obtain atomic structures of the HSV-1 
capsid and CATC; consequently, the structural 
bases underlying o-herpesviruses’ remarkable 
capability of long-range neuronal transport and 
many other aspects of its life cycle are poorly 
understood. 


RESULTS: By using cryo-electron microscopy, 
we obtained an atomic model of the HSV-1 
capsid with CATC, comprising multiple con- 
formers of the capsid proteins VP5, VP19c, 
VP23, and VP26 and tegument proteins pUL17, 
pUL25, and pUL36. Crowning every capsid ver- 

tex are five copies of het- 
eropentameric CATC. The 
Read the full article pULI/ monomer in each 


at http://dx.doi. CATC bridges over triplexes 
org/10.1126/ Ta and Tc on the capsid sur- 
science.aao7298 face and supports acoiled- 
ie apse la tea coil helix bundle of a pUL25 


dimer and a pUL36 dimer, thus positioning 
their flexible domains for potential involvement 
in nuclear egress and axonal transport of the 
capsid. The single C-terminal helix of pUL36 
resolved in the CATC links the capsid to the 
outer tegument and envelope: As the largest 
tegument protein in all herpesviruses and 
essential for virion formation, pUL36 has been 
shown to interact extensively with other tegu- 
ment proteins, which in turn interact with en- 
velope glycoproteins. Architectural similarities 
between herpesvirus triplex proteins and auxil- 
iary cementing protein gpD in bacteriophage A, 
in addition to the bacteriophage HK97 gp5-like 
folds in their major capsid proteins and struc- 
tural similarities in their DNA packaging and 
delivery apparatuses, indicate that the com- 
monality between bacteriophages and herpes- 
viruses extends to their auxiliary components. 
Notwithstanding this broad evolutionary con- 
servation, comparison of HSV-1 capsid proteins 
with those of other herpesviruses revealed ex- 
traordinary structural diversities in the forms of 
domain insertion and conformation polymor- 
phism, not only for tegument interactions but 
also for DNA encapsulation. 


CONCLUSION: Our structure of the HSV-1 
capsid with capsid-associated tegument pro- 
teins provides mechanistic insights into mul- 
tiple aspects of the viral life cycle, including 
capsid assembly, nuclear egress, acquisition 
of tegument and envelope, and axonal trans- 
port in neuronal cells. The numerous molec- 
ular interactions and atomic details embodied 
in the structure make it a much-sought-after 
atlas for the search of antivirals targeting these 
critical steps of HSV-1 lytic replication. = 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: hong.zhou@ucla.edu 
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STRUCTURAL BIOLOGY 


Structure of the herpes simplex 
virus | capsid with associated 
tegument protein complexes 


Xinghong Dai’? and Z. Hong Zhou”?* 


Herpes simplex viruses (HSVs) rely on capsid-associated tegument complex (CATC) 

for long-range axonal transport of their genome-containing capsids between sites of 
infection and neuronal cell bodies. Here we report cryo—electron microscopy structures 
of the HSV-1 capsid with CATC up to 3.5-angstrom resolution and atomic models of 
multiple conformers of capsid proteins VP5, VP19c, VP23, and VP26 and tegument proteins 
pUL17, pUL25, and pUL36. Crowning every capsid vertex are five copies of heteropentameric 
CATC, each containing a pUL17 monomer supporting the coiled-coil helix bundle of a 

pUL25 dimer and a pUL36 dimer, thus positioning their flexible domains for potential 
involvement in nuclear capsid egress and axonal capsid transport. Notwithstanding newly 
discovered fold conservation between triplex proteins and bacteriophage 4 protein gpD 

and the previously recognized bacteriophage HK97 gp5-like fold in VP5, HSV-1 capsid 
proteins exhibit extraordinary diversity in forms of domain insertion and conformational 
polymorphism, not only for interactions with tegument proteins but also for encapsulation 


of large genomes. 


he Herpesviridae family is associated with 

herpes lesions at the lips (cold sores) and 

the genitalia as well as many other diseases— 

chickenpox, infectious mononucleosis, naso- 

pharyngeal carcinoma, and Kaposi’s sarcoma 
(1). The nine known human herpesviruses span 
all three herpesvirus subfamilies—a-, B-, and y- 
herpesviruses—and are grouped on the basis of 
their biological properties, including differences 
in tissue tropism. Viruses in the a-herpesvirus 
subfamily, including herpes simplex virus type 
1 (HSV-1, causes cold sores) and type 2 (HSV-2, 
causes genital herpes) and varicella-zoster virus 
(causes chickenpox and shingles), can establish 
lifelong latent infections within the peripheral 
nervous systems of their hosts. The DNA-containing 
capsids of these neurotropic viruses undergo long- 
range (up to tens of centimeters) axonal retro- 
grade transport from nerve endings at sites of 
infection (such as the lips) to neuronal cell bodies 
at the ganglia to establish latency. Upon reactiva- 
tion, anterograde transport of the progeny viral 
particles from the ganglia to nerve terminals re- 
sults in reinfection of the dermis. Capsid-bound 
tegument proteins are involved in this cytoskeleton- 
dependent capsid transport (2-7). Densities of 
tegument proteins have been visualized at the 
icosahedral vertices of the HSV-1 capsid by cryo- 
electron microscopy (cryo-EM) (8), leading to de- 
signations such as C-capsid-specific component 
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(9), capsid vertex-specific component (J0), and, 
more generally across different subfamilies of 
herpesviruses, the capsid-associated tegument 
complex (CATC) (72). Molecular labeling, together 
with the fitting of crystallographic models into 
subnanometer resolution cryo-EM structures, 
has shown that CATC from a-herpesviruses con- 
tains at least pUL25 and pULI7 (10-14) and 
possibly pUL36 (15-17), all of which are essen- 
tial for viral propagation. However, the CATC in 
the nonneurotropic B-herpesvirus human cyto- 
megalovirus (HCMV) bears neither compositional 
nor structural similarities to that in a-herpesviruses. 
The B-herpesvirus-specific tegument protein pp150 
forms a spherical net securing the capsid (18-20) 
that is pressurized by a viral double-stranded DNA 
(dsDNA) genome of 235 kb, 50% larger than that 
of HSV-1. Capsid proteins are more conserved 
than tegument proteins, with herpesviruses across 
different subfamilies all containing homologous 
capsid proteins, though the level of conservation 
varies greatly in both sequence and function. 

In the absence of atomic structures of the HSV-1 
capsid and CATC, the structural bases underlying 
long-range neuronal transport and aspects of ge- 
nome packaging are poorly understood. Because 
of the large size (~1300 A) of HSV-1 particles, the 
progress toward an atomic description of HSV-1 
has been astonishingly slow, with the highest re- 
solution as yet being 6.8 A (17), which is insuf- 
ficient for de novo atomic modeling. 


Overall structures 


To obtain an atomic description of the HSV-1 
capsid and its associated tegument proteins, we 
imaged intact HSV-1 virions by electron-counting 


cryo-EM (fig. S1) and obtained a three-dimensional 
icosahedral reconstruction at an effective resolu- 
tion of 4.2 A by combining 23,800 virion particles 
(Fig. 1A and fig. S2A). Like earlier reconstructions 
at lower resolution [for example, (17, 21)], our den- 
sity map only reveals the icosahedrally ordered 
components of the virion, including a triangula- 
tion number (7) = 16 capsid containing pentons, 
3 quasi-equivalent hexons (P, peripentonal; E, 
edge; and C, center), 6 quasi-equivalent triplexes 
(Ta to Tf), and 12 star-shaped CATC densities, 
each crowning a penton at the icosahedral vertex 
(Figs. 1, A to C, and 2A). Through a subparticle- 
refinement procedure, we further improved the 
structure of the vertex region containing CATC to 
3.5-A resolution (fig. S2, A and B). High-resolution 
features resolved in our cryo-EM map, such as 
amino acid side chains (Movies 1 and 2 and figs. 
S3 to S5), enabled us to build atomic models for 
both the capsid and CATC (Fig. 1D). The atomic 
models for the capsid proteins are all built de novo, 
including 16 copies of the major capsid protein 
(MCP) VP5, 10 copies of the triplex dimer protein 
(Tri2) VP23, 5 copies of the triplex monomer 
protein (Tril) VP19c, and 15 copies of the smallest 
capsid protein (SCP) VP26, amounting to more 
than 28,000 residues in total. 


Structure of the CATC 


Surrounding each capsid vertex, five CATC den- 
sities form a five-pointed star crowning the pen- 
ton (Fig. 2A). The relative density values of CATC 
versus its underlying triplexes are similar (Movie 2 
and fig. S2B), suggesting nearly full occupancy of 
CATC, in contrast to the low occupancy of CATC 
in the virion of y-herpesvirus Kaposi’s sarcoma- 
associated herpesvirus (KSHV) (11). Each CATC 
contains a triplex-binding region bridging tri- 
plexes Ta and Tc, an extended five-helix bundle, 
and a bi-lobed head region that lies in the space 
between two neighboring penton MCPs (Fig. 2, 
B to E). The triplex-binding region and the five- 
helix bundle are well resolved (fig. $5), but the 
bi-lobed head region is not and requires low-pass 
filtering to 6-A resolution for interpretation, indi- 
cating its higher level of flexibility (fig. S2B). None- 
theless, the clearly resolved secondary structures 
in the head region enabled reliable fitting of two 
copies of the crystal structure of the pUL25 C- 
terminal fragment [amino acids 134 to 580, Pro- 
tein Data Bank (PDB) 2F5U] (22) (Fig. 2C and 
Movie 3), inconsistent with the assignment of 
one pUL25 and one pUL36 to the corresponding 
bi-lobed densities in a previous cryo-EM reconstruc- 
tion of HSV-1 at 6.8-A resolution (17). Our CATC 
model comprises these fitted dimer structures of 
the pUL25 head domain and de novo atomic mod- 
els for the triplex-binding region and the five-helix 
bundle. We can model near full-length pUL17, two 
copies of N-terminal pUL25 (~90 amino acids), and 
two copies of C-terminal pUL36 (pUL36ct) (amino 
acids 3092 to 3139) (Fig. 1D). 

The 696-amino acid-long pUL17 monomer 
comprises an eight-stranded f barrel at the N 
terminus (“front barrel”), a seven-stranded f bar- 
rel at the C terminus (“back barrel”), and a helix- 
rich middle segment that enwraps the f barrels 
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to form two lobes (labeled “front” and “back”) | the five-helix bundle and guides the positioning | strained by triplexes Ta and Tc and the P hexon 
(Fig. 2F and Movie 4). A small helical domain | of the pUL25-pUL36 helix bundle (Fig. 2,E and | tower (Fig. 2D and fig. S6). 

extends from between the two lobes (the “hump”). F). The hump on one side and the P hexon on the The two subunits of the pUL25 dimer in CATC 
A helix extending from the front lobe (“extended | other further anchor and stabilize the helix bundle | differ in structural details but bear the same do- 
helix,” amino acids 241 to 266) is the fifth helix of | (Fig. 2D). Overall, the position of the CATC is con- | main organization, consisting of an N-terminal 
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Fig. 1. Cryo-EM reconstruction and atomic modeling of the HSV-1 capsid. —§ (unshaded) from an adjacent asymmetric unit is shown to depict that triplex 


(A) Radially colored cryo-EM density map of the HSV-1 capsid viewed along pair Tb-Te has a similar configuration as Ta-Tc, thus providing a second potential 
a threefold axis. Fivefold, threefold, and twofold axes are denoted by a binding site for the CATC (11, 17). The enlarged red and blue triangle shows 
pentagon, triangle, and oval, respectively. (B) Magnified view of one facet of the heterotrimeric nature of a triplex. a.a., amino acid. (D) Atomic models of 
the icosahedral capsid with structural components differentially colored. The individual capsid or tegument proteins in rainbow-colored ribbon (from blue at 
density of triplex Tf at the center is not shown. (©) A schematic representation — the N terminus to red at the C terminus). Numbers denote chain termini or 
of one asymmetric unit (Shaded) of the capsid. An extra copy of triplex Te flexible segments that are not modeled. a.a., amino acid. 
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Fig. 2. Structure of the CATC. (A) Cryo-EM densities of the CATC 
surrounding a penton vertex. The density map was low-pass filtered to 
6-A resolution to show the flexible pUL25 head region. (B) Magnified 
view of a segmented-out CATC unit from the dashed square in (A), 
showing its composition. (C) Fitting of two copies of pUL25 C-terminal 
region crystal structure (PDB 2F5U) (22) into the bi-lobed head region of 
CATC. The contour level for the pUL25 head region in (A) to (C) was 

1.58 (where 6 is the standard deviation) and that of the rest was 38. 

(D and E) Top view (D) and side view (E) of CATC interacting with 
underlying capsid components, shown with atomic models. On the left in 
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upper pUL25 


pUL36ct 


(E) is a magnified view of the interface between the CATC and triplex 

Tc. Hydrophobic side chains of the pUL25 dimer, Tril, and Tri2B involved 
in the interactions are highlighted. (F and G) Domain organization of pUL17 
(F) and pUL25 (G). (H and 1) The five-helix bundle viewed from the top 
of the capsid (H) or along the center of the coiled coil (I). In (H), side 
chains are shown for hydrophobic residues in the center of the helix bundle 
(top), with their identities marked (grayed) in the sequence (bottom). 
The arrowhead in (H) points to the position in the pUL25 sequence where 
the hydrophobic residue distribution pattern breaks. N’, N terminus; 

C’, C terminus. 
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B-strand domain (N extension, amino acids 1 to 
47) that interacts with pUL17, a coiled-coil helix 
domain (48 to 94), and the C-terminal head do- 
main (134 to 580) (Fig. 2G and Movie 4). The N 
extensions of the two pUL25 monomers inter- 
twine with each other and with the back lobe of 
pULI7: Three B strands (amino acids 3 to 5, 10 to 
14, 24 to 26) of the upper pUL25, two f strands 
(14: to 20, 26 to 28) of the lower pUL25, and two B 
strands (503 to 505, 510 to 512) of pUL17 together 
form two small f sheets (Fig. 2E, magnified view). 
In this way, the two differently folded N exten- 
sions of the pUL25 dimer work together to fasten 
the coiled-coil helix bundle to pUL17. The N exten- 
sions of the two pUL25 molecules also insert a 
number of hydrophobic side chains (Phe’, Leu”®, 
Val!*, Phe’’, and Val”° of the upper pUL25 and 
Phe’® and Val”° of the lower pUL25) into two 
hydrophobic clefts of triplex Tc, one at the inter- 
face between Tril and Tri2B and the other on the 
surface of Tril (Fig. 2E, magnified view). Notably, 
only pUL25 residues are directly involved in tri- 
plex Tc binding, as opposed to previous sugges- 
tions that pULI7 directly interacts with both Ta 
and Tc—a reasonable interpretation when amino 
acid residues were not resolved (17). 

Our identification of two copies of pUL36ct in 
the helix bundle of the CATC is supported by side- 
chain densities resolved in the 3.5-A resolution 
subparticle reconstruction map (fig. S5). It is also 
consistent with biochemical data showing that 
the C-terminal 62-amino acid segment of pUL36 
(also termed VP1/2) is essential for the associa- 
tion of pUL36 with the capsid and that this cap- 
sid association requires interaction with pUL25 
in both pseudorabies virus (PRV) and HSV-1 (23, 24). 
In our model, the pUL36ct dimer joins the pUL25 
dimer to form a four-helix coiled coil, which in 
turn rests on the extended helix of pUL17, giving 
rise to the five-helix bundle (Fig. 2, H and I, and 
Movie 4). Within the pUL25-pUL36ct four-helix 
coiled coil, hydrophobic side chains (predomi- 
nantly leucine) are spaced every three or four re- 
sidues in all four helices, similar to those in a 
leucine zipper (Fig. 2H). There is a break in this 
pattern of hydrophobic residues at position Gin*®- 
Arg”? in pUL25 (arrowhead in Fig. 2H) where 
pUL36ct incorporates into the CATC. The bundling 
with pUL36ct may also stabilize the pUL25 dimer 
and likely the entire CATC, as previous cryo-EM 
reconstruction of a pUL36-deletion mutant of HSV-1 
showed diminished CATC densities (16). The ex- 
tensive interactions among all five subunits of 
CATC suggest that they likely coassemble in the 
nucleus and act together as a functional unit in 
binding the capsid, consistent with their detec- 
tions in capsids purified from the host-cell nu- 
cleus (10, 25). 


Bacteriophage-related motif and 
o-herpesvirus-—specific features 
of the triplex 


Protruding from the floor of the canyons between 
towering capsomers are six quasi-equivalent tri- 
plexes Ta to Tf (Figs. 1, B and C, and 3, A and B), 
with only Ta and Tc providing the platform for 
CATC binding (Movie 4). Each triplex is a hetero- 
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trimer consisting of one Tril (VP19c) and two 
conformers of Tri2 (VP23)—Tri2A and Tri2B (Fig. 3, 
Cto F). The sequence of HSV-1 Tril protein VP19c 
is about 40% longer than those of the Tril ho- 
mologs in both B- and y-herpesviruses, whereas 
the Tri2 protein sequences are similar in length 
across the three herpesvirus subfamilies. The two 
Tri2 subunits in each triplex interact through 
their embracing-arm domains (amino acids 145 
to 289) (Fig. 3H). The embracing-arm domains 
are structurally variable between the two sub- 
units, whereas their trunk domains (1 to 144, 290 
to 318) are constant (Fig. 3G). This Tri2A-Tri2B 
dimer is bound by the third-wheel domain (103 
to 356, 412 to 465) of the Tril monomer from the 
side and latched at the top by a 55-amino acid 
insertional-arm domain (357 to 411) of Tril (Fig. 3D. 
Near the bottom of this heterotrimeric interface, 
an intermolecular disulfide bond formed between 
Cys”© of Tril and Cys?°8 of Tri2B likely further 
stabilizes the triplex (Fig. 31, magnified view, and 
fig. S4). 


Movie 1. Overall structure and high- 
resolution features of the HSV-1 capsid 
icosahedral reconstruction. 


Movie 2. High-resolution features in the 
3.5-A resolution subparticle reconstruction 
of the HSV-1 capsid vertex region. 


Despite no recognizable similarity between 
the Tril (VP19c) and Tri2 (VP23) protein sequen- 
ces, the third-wheel domain of Tril and the trunk 
domain of Tri2 both predominantly contain two 
B barrels, giving rise to the homotrimeric appear- 
ance of the triplex when viewed from the inside of 
the capsid (Fig. 3J). Notably, the arrangement of 
the two £ barrels in both Tril and Tri2 closely 
resembles the homotrimeric cementing proteins 
of dsDNA bacteriophages, such as gpD in phage 
(Fig. 3J and fig. S7). Indeed, side-by-side com- 
parison of the chain tracing in gpD (26), Tril, and 
Tri2 reveals identical topology of their B strands 
(Fig. 3K). This observation suggests that HSV-1 
Tril and Tri2 evolved from an ancestral gene shared 
by phage A gpD. Perhaps a gene-duplication event 
in the herpesvirus ancestor led to divergent evolu- 
tion of Tril and Tri2. For example, whereas each 
subunit of the gpD trimer contributes an N-terminal 
extension to augment a B sheet on the capsid sur- 
face (27), the two Tri2 subunits in the herpes- 
virus triplex do not have such a capsid-binding 
N-terminal extension. Instead, the Tril monomer 
inserts its N-terminal extension (N anchor) through 
the capsid floor and folds into a tri-lobed struc- 
ture inside the capsid (Fig. 3, C, D, and L) (20, 28), 
anchoring the entire triplex. Selection pressure 
to mediate binding of divergent tegument pro- 
teins outside the capsid and to accommodate ge- 
nomes of varying sizes inside the capsid could 
have also forced Tril to diverge on both its outer 
and inner sides. Indeed, the Tril insertional arm, 
which emanates from a topologically similar lo- 
cation on one of the two § barrels as that of the 
Tri2 embracing arm, is the most externally loca- 
ted and is completely missing in HCMV Tril (20) 
and KSHV Tril (28). Likewise, the genome-facing 
N anchor of HSV-1 Tril is substantially longer 
than (102 versus 44 amino acids), and not as rigid 
as, that of HCMV (20). 


HSV-1-specific features in the SCP 
and MCP 


Like that of HCMV or KSHV (20, 28), the HSV-1 
MCP (VP5) subunit can be thought of as an ex- 
tensive elaboration on a central bacteriophage 
HK97 gp5-like (“Johnson”) fold (amino acids 51 
to 193, 232 to 298, 365 to 396, 1061 to 1113), with 
six additional domains, including the N lasso 
(1 to 50), dimerization (299 to 364), helix-hairpin 
(194 to 231), channel (407 to 480, 1335 to 1374), 
buttress (397 to 406, 1048 to 1060, 1114 to 1334) 
and upper (481 to 1047) domains (Fig. 4A). 

The upper domain of MCP (MCPud) provides 
the binding site for SCP (VP26) (Fig. 4B), which 
is the most divergent, both structurally and func- 
tionally, capsid protein across all herpesvirus sub- 
families. Our atomic model of the 112-amino acid 
SCP monomer encompasses residues 3 to 103 and 
consists of a helix-rich N-terminal domain (amino 
acids 1 to 71) featuring the characteristic “stem 
helix” involved in MCPud binding (29) and the 
C-terminal hairpin-loop domain (72 to 112). Six 
SCP subunits form a gear-shaped hexameric 
ring crowning each hexon, with their hairpin- 
loop domains bridging the gaps between adja- 
cent hexon MCP upper domains (Fig. 4, B and C). 
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Phage A gpD HSV-1 Tri1 (VP19c) 


Fig. 3. Structure of the triplex. (A) Distribution of triplexes in the MCP 
network. (B) Magnified view of a triplex Tb as viewed from the outside of the 
capsid. (C to F) Detailed structures of triplex Tb (C) and its components 
Tril (D), Tri2A (E), and Tri2B (F). Dotted curves in (C) and (D) denote 

the N-terminal region of Tril that was not modeled because of its flexibility. 
(G) Superposition of Tri2A and Tri2B showing constant trunk domains 

and conformational differences in their embracing-arm domains. (H) Tri2A 
and Tri2B embrace each other with their embracing-arm domains to 

forma dimer. (1) The Tril insertional arm binding on top of the Tri2 dimer and 
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N-anchor (a.a. 1-102) 


Phage A gpD trimer 


aa 


HSV-1 Tri2 (VP23) Tri1 N-anchor f 


the Tril-Tri2B intermolecular disulfide bond (shown in magnified view) 


stabilize the triplex structure. (J) Architectural similarities between 


HSV-1 triplex (top) and the gpD trimer of phage 4 (bottom, PDB 1C5E) 
(26). Both are viewed from the inside of the capsid. (K) Same topology of 
B strands among gpD, Tril, and Tri2. Corresponding B strands are colored 

in the same way and numbered one to eight, from N’ to C’. (L) Cryo-EM density 
of triplex Tb in the same orientation as (J), showing the tri-lobed density of 


the flexible Tril N anchor (gray), which penetrates through the capsid 
and anchors the entire triplex to the capsid shell, as depicted in (C). 


floor 
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This “cross-linking” interaction of SCP resembles 
that of the 170-amino acid SCP-homolog ORF65 
in y-herpesvirus KSHV and thus likely has a sim- 
ilar function in stabilizing the hexons of the 
capsid (29). This is consistent with the previous 
observation that the VP26 null mutation resulted 
in decreased production of infectious virus in the 
nervous system of infected mice, though it had 
little effect in cell culture (30). Notably, the 75- 
amino acid SCP-homolog U1L48.5 in B-herpesvirus 
HCMV completely lacks the C-terminal cross- 
linking moiety found in HSV-1 and KSHV but 
has evolved to stabilize the capsid by mediating 
the binding of a B-herpesvirus-specific tegument 
protein pp150 (19, 20). 

As in HCMV and KSHV (20, 28), three types of 
MCP-MC? interactions form a hierarchical net- 
work of interactions on the HSV-1 capsid floor 
(Fig. 4, D and E, and Movie 5). The type I inter- 
action is intracapsomeric 8 augmentation between 
adjacent MCPs within a capsomer, as exemplified 
by P2 and P3 MCPs in Fig. 4F: Two B strands in 
the N arm of P2, two B strands in the E loop, and 
one £ strand in the dimerization domain of P3 
together form a five-stranded B sheet. Type II and 
type III interactions are intercapsomeric inter- 
actions involving the dimerization and N-lasso 
domains, respectively. As exemplified in Fig. 4, 
G and H, the C5 N lasso extends and lashes 
around the P2 N arm and P3 E loop and the P2 
N lasso extends and lashes around the C5 N arm 
and C6 E loop to form a pair of type III inter- 
actions related by a local twofold axis. These type 
III interactions are built on and likely strengthen 
the type I interactions, as the C5 N lasso contrib- 
utes two B strands to augment the existing five- 
stranded B sheet from P2 and P3’s type I interaction 
into a seven-stranded B sheet (Fig. 4, F and H), as 
does the P2 N lasso to C5 and C6 (Fig. 4H). Fur- 
thermore, a type II interaction is formed by the 
dimerization domains of P3 and C6 pairing with 
one another around the local twofold axis with 
hydrophobic residues (Fig. 41) and secures the 
pair of type III interactions among P2, P3, C5, and 
C6 (Fig. 4G). 

The network interactions of the penton and its 
surrounding P hexons (Fig. 4J and Movie 5) are 
different from those of other hexons (Fig. 4G) in 
two ways. First, the N-terminal regions of penton 
MCP and P6 MCP refold and lose the canonical 
N-lasso structure of the hexon MCP (Fig. 4K). As 
a result, the penton neither lashes nor is lashed 
by adjacent P hexons. Second, the dimerization 
domain of penton MCP, as well as that of P1 MCP, 
refold from the helix-turn-helix structure in a ca- 
nonical type II interaction (Fig. 41) into a single 
long helix (Fig. 4J and fig. S8). The two resulting 
helices interact through a series of interdigitated 
leucine resides (that is, hydrophobic interactions) 
buried within the interface and a series of hydrogen- 
bonded arginine and glutamate residues lining 
the inner surface of the capsid (fig. S8). Five such 
helix pairs radiate from the penton channel and give 
rise to a star-shaped appearance (Fig. 4L and 
Movie 5) not seen in the capsids of B- (20) and 
y-herpesviruses (29) and even the closely related 
a-herpesvirus PRV (17), thus providing an extra- 
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ordinary example of structural diversification of 
the HSV-1 capsid. 


Discussion 


Our observation of architectural similarities be- 
tween herpesvirus triplex proteins and auxiliary 
cementing protein gpD in bacteriophage A, in 
addition to earlier identifications of bacterio- 
phage HK97 gp5-like folds in their major capsid 
proteins (27, 37) and structural similarities in their 
DNA packaging and delivery apparatuses (32), in- 
dicates that the commonality between bacterio- 
phages and herpesviruses extends to their auxiliary 
components. Nonetheless, evolution seems to have 
driven the diversification of capsid-fortifying strat- 
egies in these viruses to accommodate differently 
sized genomes. Whereas a gpD-like cementing pro- 
tein might have been replaced during evolution 
by autocatalytic chemical cross-linking of capsid 
proteins in HK97 (27, 33, 34), the much larger ge- 
nome of herpesvirus necessitates more extensive 
involvement of the triplex in building a larger- 
sized capsid—indeed, the triplex coassembles with 
MCP as a major building block of the procapsid in 
herpesvirus (35-37), in contrast to the gpD trimer, 
which is an auxiliary addition to the matured 
phage A capsid after genome packaging (27). 


Movie 3. Fitting of two copies of the pUL25 
C-terminal region crystal structure into the 
bi-lobed head region of CATC. 


Together with the above, the model of an HSV-1 
particle presented here provides not only the basis 
for understanding capsid assembly but also mecha- 
nistic insights into previously unexplained aspects 
of the viral life cycle. We show that CATC is a 
complex of tegument proteins pUL17, pUL25, and 
pUL36, which have been suggested to play mul- 
tiple roles, including reinforcement of the capsid 
(38), retrograde transport of the incoming viral 
capsid during initial infection (3, 5, 7, 39, 40), ejec- 
tion of the viral genome through the nuclear pore 
(41-43), and nuclear and cytoplasmic egress of the 
progeny viral particles (25, 44-49). CATC binds 
only the Ta-Tc triplex pair near two P hexons but 
not the other quasi-equivalent Tb-Te triplex pair 
near one C hexon and one E hexon (Fig. 1C), 
where the slightly different geometry of the C 
hexon presents a steric hindrance to CATC bind- 
ing (fig. $9), as also revealed in the 6.8-A resolu- 


tion HSV-1 structure (17). This stringent selection 
of binding site suggests high rigidity of the CATC, 
which can be attributed to the characteristic of the 
pULI7 structure—two rigidity-promoting B barrels 
stuffed beneath the length-defining, helix-rich 
middle segment. The specificity of CATC bind- 
ing might also have functional implications in 
ensuring the right timing for nuclear egress of 
capsid, a function that has been associated pri- 
marily with pUL25 for its interaction with the 
pUL31 component of the nuclear egress complex 
(44-48). In the host-cell nucleus, CATC must select 
mature capsids over immature ones (procapsids) 
for nuclear egress; the geometry of neighboring 
capsomers and triplexes in the spherical procap- 
sid differs from that in the angularized mature 
capsid (35), preventing premature association of 
CATC to the procapsids. The structural constraints 
on CATC binding also raise the question of wheth- 
er it can bind to the portal vertex. Although 
icosahedral reconstruction precludes knowledge 
of the geometry surrounding the portal, func- 
tional studies have shown an essential role of pUL25 
in HSV-1 genome release (41-43), arguing for 
CATC’s existence at the portal vertex. 

The bundling of pUL36ct with the pUL25 coiled- 
coil helix provides an anchoring point for the re- 
cruitment of pUL36 and, in turn, pUL36-binding 
tegument proteins, such as the conserved pUL37 
(50, 51) and pULAS8 (VP16) (52), both of which can 
interact with cytoplasmic tails of viral glycopro- 
teins to facilitate virion envelopment (53-56). In 
this regard, pUL36 is a pivot connecting herpesvirus 
capsid assembly and primary tegumentation in 
the host-cell nucleus to its secondary tegumenta- 
tion (49) and envelopment in cytoplasm, and our 
structure provides the first atomic view of the 
early steps in this cascade of events leading to the 
morphogenesis of herpesvirus virion. Beyond its 
C-terminal helix resolved here, the central one- 
third of pUL36 also dimerizes to form a coiled-coil 
helix bundle (57). Intriguingly, this structural or- 
ganization of the CATC is somewhat reminiscent 
of cellular motor proteins, which all contain a 
coiled-coil helix bundle joining their cytoskeleton- 
binding globular head domains with their cargo- 
binding domains (58-60). The involvement of 
CATC in cytoskeleton-dependent a-herpesvirus 
capsid transport, through either direct or in- 
direct interactions with cellular motor proteins 
(2-7, 39, 40), now opens the door for new in- 
quiries into the remarkable ability of long-range 
axonal transport of these neurotropic viruses. 


Materials and Methods 
Virus culture and purification 


Vero cells (ATCC CCL-81) were cultured in Dulbecco's 
modified Eagle medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS) to 100% con- 
fluence and inoculated with HSV-1 (strain KOS, 
ATCC VR-1493) at a multiplicity of infection (MOD 
of ~0.01. At 3 days postinfection, the culture media 
were collected and centrifuged at 8000g for 15 min 
to remove cell debris. Viral particles were pelleted 
by centrifuging at 80,000g for 1 hour, resuspended 
in phosphate-buffered saline (PBS, pH 7.4), and 
then purified by centrifuging through a 15 to 50% 
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Fig. 4. SCP and MCP network interactions. (A) Domain organization in 

a hexon MCP. (B and C) SCP binds the upper domain of hexon MCP (B), 

and six copies of SCP form a gear-shaped ring crowning and stabilizing the 
hexon (C). (D and E) Part of the MCP network viewed from the outside (D) or 
the inside (E) of the capsid. Pen, penton. (F to 1) Three types of network 
interactions among hexon MCPs. (H) and (I) show the individual structures that 
make up (G). The type | interaction is an intracapsomeric augmentation of 

6 strands from adjacent MCPs [P2 and P3 in (F)] in the same capsomer. Type II 
and type Ill are intercapsomeric interactions among two pairs of MCPs [P2-P3 
and C5-C6 in (G)] diagonally across the local twofold axis [ovals in (G) to (I)]. 
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The type Ill interaction builds on and fortifies the type | interaction [see C5 N 
lasso in (F)]. The two dimerization domains joined by a type Il interaction 

(I) also sit atop a pair of type III interactions, when looking from the inside of 
the capsid (G), and prevent the two N lassos [C5 and P2 N lassos in 

(G) and (H)] from unwinding. (J and K) Interactions between penton MCPs 
and the Pl and P6 hexon MCPs are different from the canonical hexon 

MCP network interactions [compare (J) and (G), (K) and (H)]. (L) Cryo-EM 
density at the penton area viewed from the inside of the capsid. The five 
copies of penton MCP are differently colored, whereas all Pl MCPs are 
colored in gold. 
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(w/v) sucrose density gradient at 80,000g for 
1 hour. Two bands in the density gradient were 
usually identified. The lower band contained more 
noninfectious, enveloped particles lacking nucleo- 
capsid and thus was discarded. The upper band 
was collected, diluted with PBS, and pelleted by 
centrifuging at 80,000g for 1 hour. For a 1-liter 
start volume of viral culture, the purified HSV-1 
virions were resuspended in 30 ul PBS and sub- 
jected to cryo-EM sample preparation. 


Cryo-EM sample preparation and 
data collection 


To best preserve the structural integrity of the 
capsid-associated tegument proteins, we decided 
to image intact virions instead of detergent- 
treated ones, which would have the benefits of 
reduced sample thickness and better contrast 
as demonstrated in the study of HCMV (20). For 
cryo-EM sample preparation, 2.5 ul of purified 
HSV-1 virion was applied to a glow-discharged 
Quantifoil R2/1 Cu grid. The grid was manually 
blotted with filter paper to remove excess sample 
and flash-frozen in liquid ethane with a homemade 
plunger freezing apparatus. The frozen-hydrated 
grids were loaded into an FEI Titan Krios elec- 
tron microscope operated at 300 kV for automated 
image acquisition with Leginon (6/). A total of 
about 8000 movies were acquired with a Gatan 
K2 Summit direct electron detection camera ope- 
rated in super-resolution electron-counting mode 
at a nominal magnification of x14,000, giving a 
pixel size of 1.03 A per pixel. The dose rate on the 
camera was set to ~8e per physical pixel per sec- 
ond and the total exposure time for each movie 
was 13 s fractionated into 26 frames with 0.5-s 
exposure time for each frame. Frame images in 
each movie were aligned and averaged to produce 
a single micrograph after correction of beam- 
induced drift using the GPU-accelerated motion 
correction program (62). 


Image processing 


Defocus values of micrographs were determined 
by CTFFIND3 (63) to be in the range of -1 to -3 um. 
A total of 45,530 particles (1440 by 1440 pixels) 
were manually picked from 7356 selected micro- 
graphs using boxer in EMAN (64). The particle 
images were binned 8x, 4x, or 2x stepwise to 
speed up the data processing. Orientation and 
center parameters for each particle image were 
determined and refined with the common-line 
based IMIRS program (65, 66), and 3D reconstruc- 
tion was done with GPU-accelerated eLite3D (67). 
In the initial step, only data lower than 30-A re- 
solution were used, and no CTF correction was 
applied. On the basis of the reported phase resi- 
due (PR) value distribution, 28,042 high-quality 
particles were selected out and divided into two 
random halves for further refinement. After con- 
vergence of refinement for both halves, an FSC 
curve was calculated and the resolution was de- 
termined to be 4.2 A on the basis of the gold- 
standard FSC = 0.143 criterion (68). In the final 
step, the two halves of the data set were com- 
bined, and a total of 23,800 particles were used 
to calculate the final density map. A B-factor of 
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Movie 4. Structure of the CATC and its 
interactions with the underlying 
capsid components. 


Movie 5. MCP network interactions in the 
capsid floor. 


-200 A? was applied to sharpen the density map 
for model building and structure analysis. 


Local averaging and atomic 
model! building 


Quasi-equivalent copies of MCP C1 to C6, or triplexes 
Tb to Te, in an asymmetric unit were segmented 
out in cuboid, fitted to each other, and aver- 
aged in Chimera (69) to further improve qual- 
ity of the density map and facilitate backbone 
tracing for atomic model building. Ab initio 
models were built manually in Coot (70), with 
the local-averaged maps by the following stan- 
dard modeling procedure: First, the density was 
traced by the Baton mode tool in Coot; the amino 
acid residues were then registered to this Baton 
model; and the geometry of the full atomic mod- 
el was then regularized manually in Coot and 
finally iteratively refined with Phenix real space 
refinement program (77). For the MCP upper do- 
main, its existing crystal structure (PDB INO7) (72) 
was fitted into the cryo-EM density map to guide 
backbone tracing of this region. The atomic mod- 
els were then fitted into every quasi-equivalent 
position in the asymmetric unit and manually ad- 
justed to account for minor structural variations. 


Because of the limited resolution of the penton 
area, model building for the penton MCP and the 
CATC was not as straightforward as for the above- 
described other capsid proteins, including hexon 
MCPs, SCPs, and triplex proteins, and additional 
strategies had to be used. Briefly, fitting of C1 
hexon MCP model into the penton of a low-pass 
filtered density map indicated that only their 
floor regions have substantial structural differ- 
ences, but their tower regions are structurally 
similar. The floor region of penton MCP has ade- 
quate quality for de novo modeling, and this 
model was combined with the model of the C1 
hexon MCP tower to generate a chimera atomic 
model of the penton MCP. 

Each CATC density contains a triplex-binding 
region bridging triplexes Ta and Te, and a bi- 
lobed head region situated above penton MCPs, 
joined by a coiled-coil five-helix bundle. The triplex- 
binding region and the five-helix bundle are well 
resolved, whereas the bi-lobed head region is 
only discernable when low-pass filtered to 6-A 
resolution. To model the triplex-binding region, 
which was known to be mainly occupied by a 
pULI17 monomer (JO), we first traced its contig- 
uous, nonbranching density segments and then 
used sequence-based secondary structure predic- 
tion of pUL17 as a roadmap to determine how to 
join these segments. Correct chain tracing of pUL17 
is cross-validated by the good match of predicted 
secondary structures and those resolved in the 
density map. 

To model the pUL25 of CATC, we first fitted 
two copies of the crystal structure of pUL25 C- 
terminal region (PDB 2F5U) (22) into the bi-lobed 
head region in the low-pass filtered map. These 
two fitted structures were combined with de novo 
models of two pUL25 N-terminal segments, each 
spanning a helix in the five-helix bundle and an 
extended loop in the triplex-binding region, to 
produce the full atomic model of the two pUL25 
subunits. De novo modeling of the two remain- 
ing helices in the five-helix bundle as pUL36ct 
was straightforward in Coot, thanks to their sim- 
ple structure as a contiguous helix. 

In total, we built atomic models for a total of 51 
unique conformers of the four capsid proteins and 
three tegument proteins: 15 hexon MCP (amino 
acids 8 to 1374), 1 penton MCP (19 to 33, 51 to 205, 
215 to 323, 327 to 411, 430 to 1157, 1183 to 1210, 
1220 to 1263, 1270 to 1299, 1312 to 1374), 15 hexon 
SCP (3 to 103), 5 Tril (103 to 465), 10 Tri2 (1 to 165, 
174 to 318 of Tri2A; 3 to 122, 127 to 163, 174 to 190, 
195 to 257, 265 to 318 of Tri2B), 1 pUL17 (1 to 45, 54 
to 201, 230 to 266, 356 to 562, 569 to 696), 2 
pUL25 (1 to 94 for one copy, 13 to 92 for the 
other copy, and each chimerized with PDB 2F5U 
resolving 134 to 577), and 2 pUL36 (3092 to 3139). 
As the last step, the refined atomic models of 
all individual conformers were combined and 
refined together in Phenix to resolve intermolec- 
ular clashes at the interface. 


Subparticle refinement and 
model improvement 


Because of the large size of the HSV-1 capsid, 
any overall particle deformation and the defocus 
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gradient across the particle (that is, the Ewald 
sphere effect) (73) would result in considerable 
dampening of the high-resolution information 
in conventional icosahedral reconstruction by 
treating the particle as a whole. Both effects are 
the most severe in the capsid vertex region, lim- 
iting attainable resolution of the penton and the 
CATC. To further improve resolution of the ver- 
tex region, we applied a subparticle refinement 
and reconstruction procedure considering both 
local variations (74) and defocus gradient. Spe- 
cifically, icosahedral orientation and center pa- 
rameters of each particle image determined above 
were used to guide extraction of all vertex regions 
as subparticles with their defocus values adjusted 
according to their locations on each particle. The 
orientation and center parameters of these sub- 
particles were locally refined with Relion (75), and, 
by imposing C5 symmetry, we obtained a final 
reconstruction at 3.5-A resolution on the basis 
of the gold-standard FSC = 0.143 criterion (68). 
Atomic models of components in the vertex re- 
gion (including hexon MCPs PI, P2, and P6; pen- 
ton MCP; triplex Ta; and the CATC) were fitted 
into the refined subparticle map, manually checked 
in Coot, and refined with Phenix. Overall, our 
models built from the 4.2-A resolution icosahe- 
dral map match well with the improved subpar- 
ticle map at 3.5-A resolution, indicative of good 
quality and validity of our original models. 
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INTRODUCTION: Herpes simplex virus type 
2 (HSV-2) is a sexually transmitted virus and is 
the leading causative agent of genital ulcer dis- 
ease (GUD) worldwide. Patients with HSV-2 
have a higher risk of acquiring human immuno- 
deficiency virus (HIV) infection. HSV-2, as well 
as the closely related herpes simplex virus 1 (HSV-1), 
are simplexviruses with a natural-host range 
restricted to humans, belonging to the family 
of Herpesviridae, whose other members are 
responsible for a number of diseases, including 
congenital disorders (e.g., human cytomegalo- 
virus) and even cancers (e.g., Epstein-Barr virus 


and Kaposi sarcoma herpesvirus). HSVs’ abil- 
ity to establish a lifelong latent infection within 
hosts and recurrent reactivation from laten- 
cy make them highly effective pathogens with 
seropositivity rates close to 100% in adult 
populations. 


RATIONALE: The herpesvirus virion is genet- 
ically and structurally one of the largest and 
most complex viruses known. It has a T = 16 
(triangulation number) icosahedral capsid with 
a diameter of ~125 nm that not only protects 
the viral genome physically from damage but 


© exon (C-Hery ® Hexon(E-Her AS triplex A vp231 Ad vpi9c 
© Hexon (P-Hex) @ Penton (Pen) ia VP26 A VP23-2 


A 3.1-A structure of HSV-2 B capsid. Surface representation of HSV-2’s 1250-A-wide capsid. 


Black lines represent particle icosahedral facets. 
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also plays an important role in the release of 
viral genome into the nucleus of the host cell. 
HSV capsid assembly requires the ordered 
packing of about 4000 protein subunits into 
the hexons, pentons, and triplexes that com- 
prise the capsid. Previous studies have sug- 
gested that the directionality of triplexes on 
the capsid shell and disulfide bond formation 
between capsid proteins contribute to HSV 
capsid assembly, but in the absence of an 
atomic description of HSV capsids, the mo- 
lecular basis that drives capsid assembly has 
remained elusive. 


RESULTS: By using a “block-based” image 
reconstruction approach combined with a 

Ewald sphere correction, 
we have visualized the HSV 
Read the full article  Cabsid at 3.1-A resolution 
at http://dx.doi. by cryo-electron micros- 
org/10.1126/ copy (cryo-EM) and have 
science.aao7283 built an atomic structure, 
which includes 28,138 resi- 
dues in the asymmetric unit, belonging to 46 
different conformers of four capsid proteins 
(VP5, VP23, VP19C, and VP26). These organize 
into three types of hexons (central, peripentonal, 
and edge) that contain the major capsid pro- 
tein VP5 and the small capsid protein VP26, 
pentons made up of VP5, and triplexes com- 
posed of VP23 and VP19C. Acting as core 
organizers, VP5 proteins form extensive inter- 
molecular networks, involving disulfide bonds 
(25 per asymmetric unit) and noncovalent in- 
teractions, with VP26 proteins and triplexes, 
that underpin capsid stability and assembly. 
Together with previous low-resolution struc- 
tural results, we propose a model for the 
ordered assembly of the capsid using basic 
assembly units (a triplex and its covalently 
linked lasso triangle formed by three VP5s), 
which then cluster into higher-order struc- 
tures conforming to twofold symmetry and 
guide nascent assembly intermediates into the 
correct T = 16 geometry. 


CONCLUSION: The marked improvement in 
the resolution of the structure of the herpesvirus 
capsid determined by cryo-EM allows the first 
steps toward understanding the drivers of 
assembly and the basis of stability of the cap- 
sid. In addition, the atomic structure could 
guide rational design of therapeutic agents 
for treating tumors and therapeutic strategies 
against HSV. 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
Corresponding author. Email: xiangxi@ibp.ac.cn 

(X.W.); hrliu@hunnu.edu.cn (H.L.); xzzhang@ibp.ac.cn 
(X.Z.); wangjz@nicpbp.org.cn (J.-Z.W.); raozh@tsinghua. 
edu.cn (Z.R.) 

Cite this article as S. Yuan et al., Science 360, eaao7283 
(2018). DOI: 10.1126/science.aao7283 
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Structurally and genetically, human herpesviruses are among the largest and most complex of 
viruses. Using cryo—electron microscopy (cryo-EM) with an optimized image reconstruction 
strategy, we report the herpes simplex virus type 2 (HSV-2) capsid structure at 3.1 angstroms, 
which is built up of about 3000 proteins organized into three types of hexons (central, 
peripentonal, and edge), pentons, and triplexes. Both hexons and pentons contain the major 
capsid protein, VP5; hexons also contain a small capsid protein, VP26; and triplexes comprise 
VP23 and VP19C. Acting as core organizers, VP5 proteins form extensive intermolecular 
networks, involving multiple disulfide bonds (about 1500 in total) and noncovalent 
interactions, with VP26 proteins and triplexes that underpin capsid stability and assembly. 
Conformational adaptations of these proteins induced by their microenvironments lead 

to 46 different conformers that assemble into a massive quasisymmetric shell, 
exemplifying the structural and functional complexity of HSV. 


erpesviridae is a large family of double- 
stranded DNA (dsDNA) viruses that cause 
a number of diseases such as encephalitis, 
oral and genital blisters, congenital dis- 
orders, and even cancers (7). During the 
course of these infections, a key survival tactic 
of herpesvirus is to establish a chronic latent 
infection within the host (2). Consequently, her- 
pesviruses are highly persistent pathogens with 
seropositivity rates close to 100% in adult pop- 
ulations (3). Herpes simplex virus type 2 (HSV-2) 
is a sexually transmitted virus and is currently 
the leading causative agent of genital ulcer dis- 
ease (GUD) worldwide. Patients with HSV-2 have 
a higher risk of acquiring human immuno- 
deficiency virus (HIV) infection (4-6). 

The herpesvirus virion is one of the largest 
viruses known and is genetically and structurally 
one of the most complex. It has a diameter of 
~200 nm and comprises four structurally distinct 
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layers: a glycoprotein-bound envelope, an amor- 
phous protein layer called the tegument, an icosa- 
hedral capsid, and at the core a large DNA 
genome. The capsid not only protects the viral 
genome from damage but also plays an impor- 
tant role in the release of viral genome into the 
nucleus of the host cell (7). The capsid initially 
assembles as a precursor procapsid that matures 
during DNA packing (8-10). The assembly of a 
procapsid requires components of the capsid shell 
and inner scaffold protein, pre-VP22a, a major 
component of the procapsid that is not present 
in the mature virion. After that, the procapsid 
matures through a major structural transforma- 
tion triggered by limited cleavage of the C-terminal 
25 amino acids of scaffold proteins, which are 
then removed, possibly during entry of DNA into 
the capsid (8, 11). 

Three distinct types of capsids—called A, B, 
and C capsids—have been detected in lysates of 
infected cells (12). A capsids are empty and result 
from abortive DNA packing, B capsids contain a 
core of scaffold proteins, but no DNA, and C 
capsids, also known as mature capsids, are fully 
packed with DNA. B capsids retain a cleaved 
form of the scaffold proteins, suggesting that the 
capsid is either in the process of packaging or 
that the scaffold was not removed in time to 
allow DNA packaging (13). B capsids may be 
intermediates in viral assembly or abortive cap- 
sid forms generated as a result of unsuccessful 
proteolytic digestion of scaffold proteins or a 
failed attempt to package viral DNA. All three 
types of capsids have icosahedrally symmetric 
shells (triangulation number of T = 16) com- 
posed primarily of 955 copies of the 150-kDa 
major capsid protein, VP5, arranged as 150 hexons 
(on the triangular edges and faces) and 11 pentons 


(on all but one vertex) (/4). Other critical com- 
ponents include the dodecameric pUL6 portal 
complex, which occupies the twelfth vertex; 320 
copies of the “triplex” that consists of two copies 
of VP23 and one copy of VP19C and connects 
adjacent capsomers located on the capsid (15); 
900 copies of VP26, which is one of the com- 
ponents of the outer surface of hexons but not 
pentons (16). Compared with A and B capsids, C 
capsids have substantially higher occupancy of 
the capsid vertex-specific component (CVSC) (a 
putative heterotrimer consisting of the pUL17, 
pUL25, and pUL36 proteins) that binds specif- 
ically to triplexes adjacent to pentons (17). In 
addition to the shell proteins mentioned above, 
B capsids contain a large amount of the scaffold 
protein VP22a, which is produced by the UL26.5 
gene, and smaller amounts of the two proteins 
coded by the UL26 gene (78). The UL26-encoded 
protease cleaves itself between amino acids 247 
and 248, which separates pUL26 into an N-terminal 
domain bearing the protease called VP24 and a 
C-terminal domain called VP21 (19). The pathway 
for the assembly of mature capsids of herpesvirus 
has striking parallels with those of dsDNA bacter- 
iophages (20). Furthermore, herpesviruses, although 
more complex, share the canonical HK97 capsid 
protein fold with the dsDNA tailed bacteriophage, 
indicative of common ancestry (27). 

Efforts of many investigators over two decades 
have pushed the resolution of cryo-electron 
microscopy (cryo-EM) analysis of herpesvirus cap- 
sid from 15 to 6 A (14, 15, 22-24). More recently, a 
3.9-A structure of human cytomegalovirus (HCMV) 
(a member of the Herpesviridae family belonging 
to the B-herpesvirinae subfamily) capsid was re- 
ported (25). We have determined the structure of 
HSV-2 B capsid to 3.1 A by using a combination 
of “block-based” reconstruction and accurate Ewald 
sphere corrections and have built reliable atomic 
models for the capsid, which provide insights into 
its stability and assembly. 


Characterization and 
structure determination 


HSV-2 (MS strain) was grown in Vero cells at 37°C 
and purified by a series of ultracentrifugation 
steps (see materials and methods). Because the 
cryo-EM imaging of such large intact HSV vi- 
rions (>200 nm in diameter) would lead to low 
signal-to-noise ratios and a depth-of-field gradi- 
ent through the virions, we purified HSV-2 cap- 
sids in the presence of detergents. Three types of 
capsid of HSV-2 were separated by ultracen- 
trifugation and characterized as 713S A capsid; 
924S B capsid and 1205S C capsid (fig. S1). Cryo- 
EM micrographs of the purified HSV-2 A, B, and 
C capsids were recorded using an FEI Titan Krios 
electron microscope equipped with a Falcon de- 
tector (fig. S1). A comparison of reconstructions 
of these three particle types at 8-A resolution 
reveals an overall similar morphology for A, B, 
and C capsids. But, the presence of a scaffold core 
with a diameter of ~660 A is observed in the B 
capsid. Further, in the C capsid, the dsDNA, seen 
as regularly spaced density shells (~25 A apart), 
and the CVSC are observed (Fig. 1A). 
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Normal reconstruction strategies yield a re- 
construction of ~4-A resolution with icosahedral 
symmetry imposed. There are two bottlenecks 
that limit the cryo-EM resolution of this 1250-A- 
diameter virus. First, the complex architecture 
of the virus does not strictly conform to the icosa- 
hedral symmetry. This could be due to the in- 
trinsic structural flexibility associated with the 
particle or structural perturbation caused by ultra- 
centrifugation during the purification process. 
Second, the gradient in defocus through the cap- 
sid arising from the large size of the virus limits 
the attainable resolution. To overcome these 
two problems, we developed a reconstruction 
method named block-based reconstruction, which 
together with accurate Ewald sphere corrections 
(see materials and methods), resulted in a 3.1-A 
structure of B capsid (Fourier shell correlation = 
0.143 criterion) (26) after processing 45,000 par- 
ticles (Fig. 1B and fig. S2). The backbone of the 
polypeptide, as well as many side chains, was 
clearly defined (Fig. 1C), allowing an atomic model 
of the HSV capsid shell comprising the four capsid 
proteins VP5, VP26, VP23, and VPI9C to be built 
de novo (figs. S3 to S5). The model was refined 
and validated using standard x-ray crystallo- 
graphic metrics (table S1). An asymmetric unit 
consists of 16 copies of VP5—which exist in a C-Hex 
(central hexon), a P-Hex (peripentonal hexon), 
one-half of an E-Hex (edge hexon) and one-fifth 
of a Pen—and 15 copies of VP26 and 5° triplexes 
(Ta, Tb, Tc, Td, Te, and one-third of Tf, located at 
the threefold axis) (Fig. 1B). In our atomic model, 
the asymmetric unit contains all 16 copies of VP5, 
15 copies of VP26, and 5 triplexes (Ta, Tb, Tc, 
Td, and Te) (fig. S2C). The Tf triplex is on the 
icosahedral threefold axis; thus, densities for Tf 
were destroyed during the icosahedral averaging 
(fig. S2C). 


VP5 structure and protrusion features 


The 150-kDa major capsid protein (VP5) forms 
both the hexons and pentons and acts as a core 
organizer in the assembly of the capsids. None of 
the 16 copies of VP5 in the asymmetric unit are 
identical (fig. S6), suggesting that the micro- 
environments surrounding each subunit in the 
T = 16 icosahedral capsid are not strictly equiv- 
alent, which is consistent with the basis of quasi- 
equivalent packing. Structure-based phylogenetic 
analysis using Structure Homology Program 
(SHP) software places P1 and P6 (subunits from 
C-Hex, P-Hex, E-Hex, and Pen denoted as C1 to 
C6, P1 to P6, El to E6, and Pen! to Pend, respec- 
tively) between typical hexon- and penton-type 
VP5s (Fig. 2A) (27). As the major capsid protein 
in HCMYV, each VP5 can be divided into seven 
domains: upper (residues 482 to 1047), channel 
(residues 407 to 481 and 1332 to 1374), buttress 
(residues 1123 to 1331), helix-hairpin (residues 
195 to 237), Johnson-fold [residues 71 to 194, 238 
to 294, 372 to 406, and 1048 to 1122, a char- 
acteristic fold first identified in bacteriophage 
HK97 gp5 (28)], dimerization (residues 295 to 
371), and N-lasso (residues 1 to 70), which con- 
stitute three sections: upper, middle (channel, 
buttress, and helix-hairpin) and lower Johnson-fold, 
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Fig. 1. Architecture of the HSV-2 B capsid. (A) Central slices of HSV-2 A-, B- and C-capsid 
reconstructions at 8 A. The insets show dsDNA density and CVSC density. The scaffold core is 


marked with a red dotted circle. P-Hex (peripentonal), C-Hex (central), E-Hex (edge), and Pen (penton) 


de 


in the cryo-EM map of HSV-2 B capsid. Black lines, particle facets. The threefold icosahedral symmetry 
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note hexons and pentons, respectively. (B) Locations of the various components of the capsid 


is is marked as a triangle. P (peripentonal), C (center), and E (edge) denote hexons, and Ta to Tf 


Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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note triplexes. (C) Cryo-EM map of an asymmetric unit and local electron density maps are shown. 
The inset shows the density maps (mesh) and atomic models of VP5 and VP23, which illustrate side- 
chain features. Residues with side chains are labeled; aa denotes amino acids. Single-letter abbreviations 
the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; 
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dimerization, and N-lasso) (Fig. 2B and fig. $7). 
The upper and middle sections make up the 
capsid protrusions, whereas the lower section 
forms the capsid floor (Fig. 2, B and C). A com- 
parison of typical hexon- and penton-type VP5s 
shows highly conserved upper and middle do- 
mains but reveals a conformational change in 
the lower section that has implications for the 
differences in assemblies of the penton and the 
hexon (Fig. 2B). The conformational changes 
include a ~20° counterclockwise rotation of the 
central helix and a ~25° clockwise rotation of 
the E loop, which straightens the subunit and 
increases the curvature of the lower shell of the 
penton. In addition, in the penton, the refolding 
of the N-lasso leads to formation of a B-hairpin 
(BA2 and BB1), decreasing its protrusion by ~25 A 


in comparison with hexon-VP5, whereas reor- 
ganization of the dimerization domain creates a 
41-A-long helix (oN), lining the inner capsid 
surface beneath the penton, yielding a compar- 
atively slim penton with a greater height of ~170 A 
and a reduced external diameter of ~160 A at the 
“lower” end, relative to those in the hexon (Fig. 2, 
B and C, and Movie 1). 

Despite the overall similarities between the 
channel domains, the axial channels comprising 
the B-sheet ring within hexons and pentons show 
distinct differences. The narrowest region of the 
hexon channel has an internal diameter of ~10 A, 
whereas the penton channel is completely blocked 
by five histidine residues (His 419) (Fig. 2C); this 
contrasts with the HCMV penton, which has a 
~14-A-diameter channel (fig. S8). Further, the 


ALARM, 


160A 


lix-hairpin 


Fig. 2. Structure and organization of VP5. (A) Structure-based phylogenetic tree of 16 copies of 
VP5 present in an asymmetric unit. (B) Ribbon diagram of the typical hexon- and penton-VP5. N 

and C termini are labeled, and major conformational changes are marked with dashed lines. A model 
shown in the middle depicts the conformational changes. The upper and middle sections make up the 
capsid protrusions. (©) Comparison of the surface of C-Hex (up) and the Pen (down); side view (left) 
and top view (middle) are shown. Each subunit is depicted in a different color. Insets illustrate the 
differences in the central channel. The residues lining the narrowest region of the central channel are 


marked and labeled. 
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hexon channel is remarkably negatively charged 
(fig. S8). In contrast, the bottom of the penton 
channel presents more positive charges, indicat- 
ing a possible role for this region in interactions 
with the genomic DNA (fig. S8). The electrostatic 
surface properties of the channel of the hexon 
and penton are appreciably different in HCMV, 
suggesting a distinctive role for the hexon chan- 
nel in accommodating DNA (25). In addition to 
the channel domain, the upper domains of hex- 
ons and pentons make different contacts (fig. S9). 


Adaptations of P-Hex 


While surrounding the penton, P-Hex is also 
adjacent to neighboring hexons (Fig. 3A). Given 
the fact that the penton exhibits a distinct pat- 
tern of assembly compared with the typical hexon, 
subunits within P-Hex have to adopt conforma- 
tional changes to allow three distinct interactions: 
with typical hexons, with pentons, and with 
themselves (Fig. 3A). Overall, the structure of 
the P-Hex resembles that of the typical hexon, 
with an indistinguishable external surface but 
with differences in the inner protein shell (Fig. 
3B). Among the six copies of VP5 of the P-Hex, 
four are similar to the typical hexon-type VP5, 
whereas P1 and P6, adjacent to the penton, 
exhibit notable conformational changes at the 
N-lasso and dimerization domains (Fig. 3B and 
Movie 1). A superposition of P1 as well as P6 
onto Cl and Pen! shows that P6 is similar to 
Penl around the dimerization domain, where 
they both have a 41-A-long helix, whereas the 
N-lasso domain of P6 is more similar to that 
of Cl. Conversely, Pl and Cl share common 
structural features at the dimerization domain, 
whereas P1 adopts an analogous fold to the 
N-lasso domain of Penl (Fig. 3C). These adap- 
tations in P1 and P6 contribute to enhanced 
interactions of P-Hex with the penton. Although 
the penton VP5 (Pen5) loses its lasso to an ad- 
jacent P6 (P-Hex), it establishes new quasi- 
equivalent twofold interactions with a P1 N-lasso 
domain, which would normally clasp a neighbor- 
ing penton VP5 (Pen1) but instead adopts a short 


Movie 1. Structures of four types of VP5 con- 
formers. Atomic models of the four types of 
VP5 conformers are colored by domain. The 
domains with significant conformational 
changes are highlighted. 
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Fig. 3. Conformational adapta- 
tions of P-Hex. (A) Schematic 
diagram of the binding mode of 
different capsomers. Domains 
with significant conformational 
differences (dimerization and 
N-lasso domains) in the floor of 
the capsid are highlighted. 

(B) Ribbon diagram of the side 
view (left) and the bottom view 
(right) of P-Hex. The N-lasso 
and dimerization domains are 
labeled and highlighted. The red 
star indicates the region where 
the conformational adaptations 
occur. (C) A superposition of C1, 
Pl, P6, and Penl. At N-lasso 
domain, P6 is similar to C1, and 
P1 is similar to penton-VP5. P1 
and Cl share common structural 
features near the dimerization 
domain; P6 adopts folds similar 
to those of penton-VP5. 

(D) Overview of penton, P1, P6, 
and P5. The insets demonstrate 
how the local geometry 
changes near the fivefold axis. 
The Pend VP5 establishes new 
quasi-equivalent twofold 
interactions with a P1 N-lasso 
domain instead of its lasso to an 
adjacent P6. A novel helix pair is 
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formed by two long aN helices from the dimerization domain of Penl and P6. 


N-lasso fold (Fig. 3D). In addition, a novel helix 
pair comprising two long aN helices from the 
dimerization domain of Penl and P6 is ob- 
served at the inner surface beneath the penton, 
forming a quasi-equivalent twofold interaction 
(Fig. 3D). 


Extensive interactions at the inner 
capsid surface 


The HSV capsid shell is assembled via extensive 
interactions of the lower sections of VP5, in- 
cluding both intracapsomer and intercapsomer 
interactions (Fig. 4 and Movie 2). In the penton, 
an archetypal example is between Pen4 and Pend. 
B strands (BB1 and BA2) from Pen4’s N-lasso 
domain, together with B strands (BD and BE) 
from Pen5’s E loop and BL1 from Pen5’s dimer- 
ization domain, form a five-stranded £ sheet, 
which is further stabilized by Pen5’s aN (Fig. 4A). 
In the hexon, BB from P3’ and BD, BE, and BL 
from P2’ make up a four-stranded £ sheet (Fig. 4B). 
Two types of intercapsomer interactions, Pen- 
P-Hex and hexon-hexon, are observed. Regarding 
the former, a helix pair comprising two long aN 
helices from the dimerization domain of a penton 
subunit and an opposing P-Hex subunit (P6) is 
further stabilized by two adjacent central helices 
(aG), firmly holding the penton and the P-Hex 
together (Fig. 4C). Additionally, Penl’s oE and 
Pl’s aF form a small helix pair, as do Pen5’s oF 
and Pé6’s aE (Fig. 4C). Moreover, two sets of five- 
stranded f sheet beneath the helix pair from the 


Yuan et al., Science 360, eaao07283 (2018) 


6 April 2018 


Pen (formed by BA2 and BB1 from Pend and BD, 
BE, and BL1 from Penl) and P-Hex (formed by 
BA2 and BB1 from P1 and BD, BE, and BL1 from 
P6) form quasi-equivalent twofold interactions, 
further strengthening the contacts between the 
penton and P-Hex (Fig. 4C). Hexon-hexon inter- 
actions occur between four VP5s and are char- 
acterized by the lassoing of the N-lasso domain of 
P3 and C3 and the quasi-equivalent dimerization 
between the two pairs of helices (aM and aN) in 
the dimerization domain of P2 and C2 (Fig. 4D). 
The N-lasso (e.g., C3) protrudes out and clasps BB 
(P3' N-lasso), and BD and BE (P2’s E loop) across 
a quasi-twofold axis (Fig. 4D). In the same place, 
BA joins BB, BD, and BE to form a four-stranded B 
sheet (Fig. 4D). In addition, three sets of N-lasso 
interactions form an enclosed triangle around 
quasi-threefold axes, firmly connecting three hex- 
ons (Fig. 4E). Overall, hexon-hexon contact areas 
are ~35% larger than penton-hexon interaction 
areas, probably accounting for the vulnerability 
of pentonal vertices in HSV capsids (29). 


VP26 caps hexons only 


VP26 (112 residues in length), one of the com- 
ponents of the outer surface of HSV capsids, is 
~50% larger than its homolog SCP in HCMV. 
Unlike HCMV, where SCPs bind both hexons 
and pentons (30), VP26 only caps hexons (Fig. 5A) 
in HSV. VP26 of HSV exhibits no significant struc- 
tural similarity with SCP. VP26 comprises an 
N-terminal domain of an “M” loop plus oA and 
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Movie 2. Extensive interactions at the inner 
capsid surface. One copy of the penton, two 
copies of the P-Hex, and one copy of the C-Hex 
are shown. Each subunit participating in the 
interactions is outlined in different colors. Major 
secondary structural elements are also labeled in 
different colors based on the subunits that they 
come from. 


a C-terminal domain of oB along with a long 
insertion loop. The two domains are connected 
by the extension loop (Fig. 5A). The C-terminal 
domain plays essential roles in capping hexons 
through two regions: (i) aB and one half of the 
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Fig. 4. Overview of the interactions at the inner capsid surface. 

A schematic representation of the inner surface of the capsid structure is 
shown. The N-lasso domain and the dimerization domain of each subunit 
are shown as cartoons, whereas the remaining structure is rendered as 


a surface. One copy of the Pen, two copies of the P- 


insertion loop insert into the cleft formed by 
two adjacent hexon-VP5 upper domains and 
make hydrophobic interactions; (ii) the second 
half of the insertion loop accesses a shallow cleft 
in the adjacent hexon-VP5 upper domain be- 
neath the extension loop of the adjacent VP26 
and interacts through charge and hydrophilic 
interactions (Fig. 5A). In the N-terminal domain, 
only aA interacts with the hexon-VP5 upper do- 
main (Fig. 5A). Our structural analysis is con- 
sistent with a previously reported mutagenesis 
study of HSV-1 VP26, which showed that resi- 
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Hex, and one copy of the 


dues 50 to 112 are sufficient for binding hexons 
(31). To find out if there are any structural con- 
straints that prevent VP26s from capping pentons, 
we superimposed the structure of the hexon-VP5 
upper domain bound to VP26 onto the penton- 
VP5 upper domain. The analysis suggested a 
complete loss of interactions between VP26 and 
the adjacent VP26 and significantly reduced 
contacts with the adjacent VP5 (Fig. 5B). There- 
fore, VP26 can only cap hexons, but not pentons. 
Six copies of VP26 form a ring structure by end- 


to-end interactions, filling the gaps between the 
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C-Hex are shown. The view is from the inside of the capsid. (A to E) Enlarged 
views of the interactions (boxed) are shown with secondary structural 
elements colored and labeled. Each subunit participating in the interactions 
is depicted in a different color and labeled. (A) and (B) are intracapsomer 
interactions; (C) to (E) are intercapsomer interactions. 


heads of neighboring subunits in a hexon and 
further stabilizing hexons. 


The triplex and its interactions 
with VP5s 


The triplex, a structural feature of herpesvirus 
capsid shells, consists of two VP23 conformers 
(denoted as VP23-1 and VP23-2) and one copy of 
VP19C and lies among three adjacent capsomers, 
linking them together (Fig. 6A and Movie 3). 
From the bottom view, the triplex adopts a tri- 
meric arrangement to match the quasi-threefold 
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Fig. 5. VP26 structure and its interactions with VP5. (A) VP26s cap the hexon but not the penton. 
One set of VP5 and VP26 is colored in light tone; the adjacent set of VP5 and VP26 is colored in bright 
tone. The rainbow ribbon of VP26 is shown in the leftmost panel of the first row. Enlarged views of 


interactions (1) to (3) (boxed) are shown. Residues 


involved in the interactions are shown as sticks in 


(J) and (3), with VP5 colored in violet (light violet for the adjacent VP5) and VP26 colored in green (light 
green for the adjacent VP26). In (2), VP5s and VP26s are shown as surface representations and 
cartoons, respectively, which are colored by residues’ hydrophobic characters: hydrophobic (red) to 
hydrophilic (white) gradient. (B) The superposed model of penton-VP26s based on the complex 
structure of hexon-VP26s. The penton is represented as surface, and VP26s are shown as cartoons. The 


secondary structural elements are colored and label 


ed. The neighboring VP5s are colored in brown and 


light brown, and the corresponding VP26s are colored in green and light green, respectively. 


symmetrical environment (Fig. 6A). Overall, the 
triplex is relatively compact and rigid; the struc- 
ture being reenforced by four pairs of disulfide 
bonds (C5-C86 within VP23-1 and VP23-2, C194- 
C325 within VP19C, and C267-C298 between VP19C 
and VP23-1) (Fig. 6B and fig. S10). The two copies 
of VP23 have an o+f fold, comprising an N 
domain (residues 1 to 144 and 291 to 318) anda 
C domain (residues 145 to 290), which form the 
lower and the upper portions, respectively (Fig. 6C). 
VP23-1 and VP23-2 interact through a number of 
helices (aF-oJ) in the C domain (Fig. 6D). In- 
terestingly, the conformations of VP23-1 and 
VP23-2 differ in the C domain due to a ~65° 
rotation of the aI (aI in VP23-1 becomes two 
helices, aI and oJ, in VP23-2) helix and a large 
rearrangement of the aF-aH region. However, 
the two N domains are very similar (Fig. 6E). 
VP19C, ~150 residues longer than VP23, makes 
up the third component of the trimeric fold. A 
disulfide bond (C267-C298 between VP19C and 
VP23-1) and helix bundle interactions (including 
aD and al from VP19C, aE from VP23-1, and oJ, 
aD from VP23-2) between VP19C and two VP23 
conformers integrates VP19C into the triplex 
(Fig. 6B). The N-terminal region (residues 1 to 
105), comprising three helices, penetrates the 
capsid floor around the quasi-threefold axis, 
anchoring the triplex in the capsid. The structure 
also supports the location of a nuclear localiza- 
tion signal (32) in VP19C at its N terminus (resi- 
dues 50 to 61), which is presumed to bind DNA 
in vitro (Fig. 6F) (33), albeit densities for DNA 
binding to the N-terminal arm of triplex in the 
C-capsid reconstruction have not been observed 
yet (23). Anumber of 8 strands of the N domains 
from VP23 and VPI9C contact the capsid floor 
(fig. S11). These contacts contribute the majority 
of the triplex-capsid interactions. Additionally, 


fix the orientation of the triplex; these involve 
charge and hydrophobic interactions with the 
ot helix, th, and yz loops of the buttress domain 
of three adjacent VP5s, as well as one intermol- 
ecular disulfide bond (C1317-C179 between C2 
and VP19C) (Fig. 7A). Previous studies have re- 
ported that disulfide bond formation between 
triplex and VP5 contributes to HSV capsid stabi- 
lity and assembly (34, 35). The disulfide bonds 
observed in B capsids structurally support these 
results to some extent. However, the disulfide 
bonds observed in the structure of B capsids 
may not be representative of those found in C 
capsids. We show that covalent as well as non- 
covalent interactions between triplexes and sur- 
rounding VP5s further stabilize the capsid. 


Implications for assembly 


In the broader context of the capsid structure, 
six VP5s from three different capsomers are 
arranged around a central triplex and three of 
them form one lasso triangle, upon which the 
triplex sits (Fig. 7A). Notably, interactions be- 
tween the central triplex and the lasso triangle 
(interaction area ~4700 A”) dominate the con- 
tacts with all six VP5s (with an interaction area 
of ~5300 A”). A disulfide bond (between the 
triplex and one VP5 from the lasso triangle) 
and these anchoring interactions integrate the 
triplex into the lasso triangle, forming a struc- 
turally rigid unit (Fig. 7, A and B). The lasso 
triangle is not an equilateral triangle (each 
center of the three VP5s shows variable dis- 
tances to the other two centers), with an av- 
erage of ~10% deviations among three sides, 
and each lasso triangle varies slightly, depend- 
ing on the microenvironments (Fig. 7B). As sug- 
gested previously (36), the triplexes confer a 
pronounced directionality on assembly of capsid 


triplex-capsid protrusion interactions further 
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Movie 3. Structure of the triplex and interac- 
tions with VP5s. An overview of a triplex and its 
surrounding VP5s is shown. Both the covalent 
and noncovalent interactions within the triplex 
and between the triplex and the surrounding VP5s 
are highlighted and labeled. 


outward from the penton, and Ta-Tc, Tc-Tb, Tb-Td, 
and Td-Te exhibit twofold symmetry, albeit with 
no direct interactions between them (Fig. 7B). In 
the absence of scaffold proteins, VP5s and triplex 
proteins formed capsids with a T = 7 shell (37), 
suggesting that the internal scaffold proteins 
play a role in controlling the correct symmetry of 
the capsid shell. Moreover, increasing evidence 
indicates that the triplexes are essential for the 
correct assembly of the capsid (38-40). It is quite 
likely that a structurally rigid unit comprising a 
triplex, the VP5 lasso triangle, and probably in- 
cluding scaffold proteins, might act as an as- 
sembly unit to regulate sequential assembly. 
The twofold symmetric interactions between 
these assembly units result from VP5-VP5 in- 
teractions, which can explain the triplex direc- 
tionality (Fig. 7B). One special case is that of the 
assembly unit Tc (the assembly units are named 
according to the triplex that they contain) and 
the assembly unit Td’ from the neighboring 
asymmetric unit, which are not related by a strict 
twofold axis. However, due to capsid assembly 
forces, the neighboring sides (highlighted in light 
yellow color in Fig. 7B) of the assembly unit Tc 
and Td’ are adjusted to approximately the same 
length in order to enhance the interactions and 
retain the quasi-equivalent twofold axis (Fig. 7B). 
The assembly unit Tf is another special case due 
to its location on the threefold axis, so that the 
imposition of icosahedral symmetry in the re- 
construction averages the Tf density. 


HSV B capsids structurally resemble 
C capsids 


A feature of the infections caused by herpesvi- 
ruses is the production of three different types of 
mature capsid forms (A, B, and C capsids) in the 
host cell nucleus. Whether A and B capsids are 
abortive forms or assembly intermediates is still 
debated (39, 41-43). Comparison of the low res- 
olution cryo-EM structures of A, B, and C cap- 
sids indicates that except for the presence of 
capsid-associating tegument proteins in C cap- 
sids, structures of all three types of capsids are 
very similar (13, 44). A high-resolution structural 
analysis to verify this inference is lacking. To 
address this issue, we fitted our high-resolution 
HSV-2 B capsid coordinates with five rigid 
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Fig. 6. Structural features of triplex. (A) Overview of Td triplex and its 
surrounding hexons. Td triplex and the subunits of the hexons that exhibit 
major interactions with Td triplex are highlighted with different colors (color 
scheme is the same as in Fig. 1C); the other subunits are shown in 

gray. (B) Overall structure of the triplex. VP23-1, VP23-2, and VP19C are 
colored in red, blue, and green, respectively. Electron density maps (blue 
mesh) for intramolecular and intermolecular disulfide bonds are shown in 


asymmetric units into the ~7-A-resolution cryo- 
EM reconstruction of the HSV-1 virion (EMD- 
6386), which exhibits ~95%, ~93%, and 83% 
amino-acid identities in VP5, VP23, and VP19C, 
respectively, with HSV-2 (23). The fitting gave a 
correlation coefficient of 0.95, showing that all 
the capsid proteins, including their secondary 
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structural elements, were well aligned (Fig. 8). 
The structures and organization of VP5 assembled 
in the penton and hexons, together with the 
triplexes, showed no notable differences between 
the HSV-2 B capsid and the HSV-1 C capsid (Fig. 8). 
A striking feature of our HSV-2 B-capsid struc- 
ture is a set of five helix pairs lining the inner 


Po 


‘ BA cate POscesesneees 
> \Capsid floor 


zoomed-in boxes. (C) Ribbon diagrams of VP23-1 and VP23-2. (D) Surface 
representation of the dimer consisting of VP23-1 and VP23-2. Shown are 
the side view (left) and top view (right). The color scheme is the same as in 
Fig. 4C. (E) Superimposition of VP23-1 (red) over VP23-2 (blue), viewed 
from the side. (F) Ribbon diagram of VP19C, color ramped from the NH2 
terminus (blue) to the COOH terminus (red). The reported nuclear 
localization signal (NLS) is labeled with a red star. 


capsid surface beneath each penton, which per- 
fectly match densities at equivalent positions 
of the HSV-1 virion (Fig. 8). Because of the low 
resolution of the reconstruction of C capsids, it 
is difficult to identify disulfide bonds of B capsids 
in C capsids with confidence. The primary 
sequences of HSV-2 capsid proteins share only 
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Fig. 7. Rigid unit interactions and global capsid organization. 

(A) Overview of a triplex and its surrounding six VP5s (e.g., Td, top view). 

A triplex and its covalently linked lasso triangle comprise a structurally rigid 
unit. The color scheme is same as in Fig. 6A. Insets show the detailed topside 
interactions within a structurally rigid unit. Enlarged views of interactions 

(1) to (4) (boxed) are shown. (1) Charge and covalent interactions; the 
electron density map (blue mesh) for the intermolecular disulfide bond is 
shown. (2) to (4) Hydrophobic interactions, the triplex, and VP5s are shown 
as surface representation and cartoon, respectively. Residues involved in the 
interactions are shown as sticks in (1) to (3). (4) Regions involving 
hydrophobic interactions are colored by residues’ hydrophobic characters: 
hydrophobic (red) to hydrophilic (white) gradient; other regions are colored 
as in Fig. 6A. (B) Two icosahedral facets are shown in surface representation 
at left with fivefold axis, C-Hex, E-Hex, and P-Hex labeled as 5, C, E and P, 
respectively, at the corresponding positions. The color scheme is the same as 


in Fig. 1C. Triplexes (a few sets of Ta to Te) are labeled in different colors 
according to the asymmetric units they come from. The triplex Tf is colored in 
purple and labeled without a circle. The local quasi-equivalent twofold axes, 
where Ta-Tc, Tc-Tb, Tb-Td, and Td-Te exhibit twofold symmetry, are marked 
with black ellipses. The black triangles represent structurally rigid units (the 
centers of these three VP5s are connected by black lines). (Right) Pictorial 
representation of the rigid unit/rigid unit interactions. A triplex [drawn as 

an inner triangle with red (VP23-1), blue (VP23-2), and green (VP19C) colors 
and labeled by a circle] and its covalently linked lasso triangle (drawn as an 
external triangle with different colors according to which hexons the three 
VP5s come from: C-Hex, violet; E-Hex, cyan; P-Hex, slate) make up a putative 
assembly unit. The length for each side of the external triangle was 
calculated by measuring the distance between the centers of two VP5s within 
a lasso triangle. The associations between assembly units of Tc and Td’ (from 
the neighboring asymmetric unit) are highlighted in light yellow. 


~27% amino acid identity with those of the 
capsid proteins of HCMV. Despite this, a super- 
position of our structures of HSV-2 capsid pro- 
teins (VP5 and triplex) over the recently reported 
structure of HCMV reveals overall structural 
similarities. However, significant conformation- 
al differences between the capsids of the two 
viruses are observed, which is in line with the 
specific differences between the virus types 
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(fig. $12). Thus, conserved structural features 
may underlie similar mechanisms of capsid as- 
sembly across all herpesviruses. 


Discussion 


The herpesvirus capsid initially assembles as a 
precursor procapsid that subsequently matures 
during DNA packing (8-10). HSV procapsid as- 
sembly is a complex process requiring the or- 


dered packing of some 4000 protein subunits 
(79). An in vitro assembly system based on a 
panel of recombinant baculoviruses encoding 
HSV procapsid proteins has revealed that VP5, 
triplex, and scaffold proteins are sufficient to 
produce a capsid with a correct T = 16 shell 
(8, 45). The imposition of icosahedral sym- 
metry in the reconstruction of the whole cap- 
sid likely limited the resolution of the scaffold 
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Fig. 8. Structural comparison of HSV-2 B capsid with HSV-1 virion. Fitting of HSV-2 B capsid 
coordinates with five asymmetric units into the ~7-A resolution cryo-EM reconstruction of HSV-1 virion 
(emd-6386) (23). The penton, C-Hex, P-Hex, and E-Hex are colored in orange, violet, slate, and cyan, 
respectively. The five helix pairs lining the inner capsid surface beneath the penton is marked, and 

a zoomed-in view is shown in the red inset. Zoomed-in views of the penton, C-Hex, and triplex are shown 
in orange, purple, and green insets, respectively. Each subunit within the penton and hexons is depicted 


in a different color. 


core. The low-resolution map with a diameter 
of ~660 A does not provide information on 
how scaffold proteins determine the correct 
symmetry of the particle (Fig. 1A). Together 
with previous studies on in vitro-assembled 
procapsids (11), these suggest that the scaffold 
may not need to adopt a specific organization 
to fulfill its function, on the condition that its 
overall dimensions are within the tolerance 
necessary to ensure the correct shell confor- 
mation. Although the portal structures of dsDNA 
bacteriophages have been extensively studied 
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(46, #7), it has proved difficult to study the 
portal structure of herpesviruses because there 
are no sentinel markers for the location of the 
portal in herpesviruses. Available evidence seems 
to indicate that the portal associates with scaf- 
fold proteins to initiate the capsid assembly in 
herpesviruses (48, 49). Due to the lack of detailed 
structural information on the portal and scaffold 
proteins, we are currently unable to use our mod- 
el to speculate on the integration of the portal and 
scaffold proteins into the capsid. However, the 
observed pattern of directionality of the triplexes 


and structural adaptations of the capsomers pro- 
vide some insights into the mode of capsid as- 
sembly. A structurally rigid unit comprising a 
triplex together with its covalently linked lasso 
triangle might possibly act as one of the basic 
assembly units, which plays strategic roles in 
capsid assembly. Such a method of assembly of 
the capsid conforms to the efficient strategy of 
producing basic assembly units first, which then 
assemble into higher-order structures that ulti- 
mately lead to the formation of highly complex 
structures like the capsid of the HSV. 

Despite the evolutionary and biological diver- 
gence of the eight human herpesviruses that 
have been classified into three subgroups (50), a 
large number of core gene products are highly 
conserved among these viruses (57). Moreover, 
all herpesviruses share a common virion (capsid) 
structure, a core genome replication process, and 
similar entry and egress pathways (52, 53). In 
summary, this work not only marks a substantial 
improvement in the resolution of the structure 
of herpesvirus capsid determined by cryo-EM but 
also is a step toward understanding the drivers 
of assembly of the capsid. We have identified 
extensive networks of intersubunit interactions, 
including intermolecular disulfide bonds, that 
underpin capsid stability. In line with structural 
analysis, B as well as C capsids were robust and 
could withstand heat treatment at 65°C for 
10 min (54) (fig. $13). The structure of HSV de- 
scribed here could provide a basis for devel- 
opment of better antiviral drugs for treating 
infections caused by herpesviruses. 


Materials and methods 
HSV-2 capsid preparation 


Vero cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) plus 10% fetal bovine 
serum (FBS). Cells were grown to 90% conflu- 
ence and infected with herpes simplex virus 2 
strain MS at a multiplicity of infection (MOD of 
0.1-1. At 4 days post infection, the cells were 
collected, resuspended in PBS containing 1% 
NP-40 and lysed by three cycles of freezing and 
thawing. After lysis, the solution was centri- 
fuged at 1500 g at 4°C for 15 min to remove large 
debris. A discontinuous 20% and 60% sucrose 
gradient (w/v in PBS) was used to further purify 
the capsids. Fractions containing the capsids at 
the interface of the two sucrose layers were 
collected after centrifugation. Crude HSV-2 cap- 
sids concentrate [~0.6 mg in 600 ul PBS (pH 
7.4)] was loaded onto a continuous 20% to 50% 
(w/v in PBS) sucrose density gradient and cen- 
trifuged at 80,000 g for 1 hour. Three sets of 
fractions were collected and dialyzed against 
PBS buffer. Capsids from these fractions were 
imaged by negative staining electron microscopy 
and cryo-EM. 


Analytical ultracentrifugation 


Sedimentation velocity experiments were per- 
formed on a Beckman XL-I analytical ultra- 
centrifuge at 20°C. HSV-2 capsids were diluted 
with PBS buffer to 400 uL with Aggonm absorp- 
tion of about 0.8. Samples were loaded into a 
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conventional double-sector quartz cell and 
mounted in a Beckman four-hole An-60 Ti rotor. 
Data were collected at 3000 rpm at a wavelength 
of 280 nm. Interference sedimentation coefficient 
distributions were calculated from the sedimen- 
tation velocity data using the SEDFIT software 
program (www.analyticalultracentrifugation.com). 


Negative stain 


For examination by negative staining, prepara- 
tions of capsids were diluted in PBS (pH 7.4) toa 
suitable concentration, applied to a freshly glow- 
discharged grid, washed twice with PBS, and 
stained with 1% phosphotungstic acid (pH 7). 
All samples were examined on a 120-kV electron 
microscope. 


Cryo-EM and data collection 


For cryo-grid preparation, a 3-uL aliquot of 
purified HSV-2 capsids was applied to a fresh 
glow-discharged 400-mesh holey carbon-coated 
copper grid (C-flat, CF-2/1-2C, Protochips). Grids 
were blotted for 3.5 s in 80% relative humidity 
for plunge-freezing (Vitrobot; FEI) in liquid 
ethane. Cryo-EM data sets were collected at 300 
kV with a Titan Krios microscope (FEI). Movies 
(25 frames, each 0.2 s, total dose 25 e A”) were 
recorded using a Falcon3 detector with a defocus 
range of 0.8 to 2.3 um. Automated single-particle 
data acquisition was performed with SerialEM, 
with a nominal magnification of 59,000x, which 
yields a final pixel size of 1.38 A. 


Image processing 


A total of 5527 micrographs were recorded. Out 
of these, 4600 micrographs with visible CTF 
rings beyond 1/5 A in their spectra were selected 
for further processing (fig. S1). The defocus value 
for each micrograph was determined using Gctf 
(55). More than 55,000 particles from the 4600 
micrographs were boxed using EMAN package 
(56). The RELION (57) and jalign (58) were used 
to process the HSV capsid data, which led to a 
reconstruction of ~4-A resolution with icosahe- 
dral symmetry imposed. There were two obstacles 
that limited the resolution of this 1250-A-diameter 
virus. One was the structural complexity resulting 
from the fact that the capsid was not strictly 
following the icosahedral symmetry (59). The 
reason for this anomaly could be the intrinsic 
structural flexibility associated with the particle 
or some form of structural perturbation (local 
deformation) caused by ultracentrifugation dur- 
ing the purification process. The other was the 
Ewald sphere effect, which is equivalent to the 
consequence of the defocus gradient on this 
large virus. Conventional programs available for 
determining cryo-EM structures cannot deal 
with these two problems. We developed a recon- 
struction method named block-based reconstruc- 
tion. In this method, the asymmetric unit of the 
icosahedral virus was divided into 4 blocks and 
each block was refined and reconstructed sepa- 
rately. During refinement, in each boxed cryo-EM 
image, there were 60 icosahedral-symmetry- 
related copies for each block. The initial orienta- 
tion and center parameters for the copies could 
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be calculated based on the icosahedral symmetry 
virus reconstruction by RELION or jalign. A local 
search for better rotation and translation param- 
eters of each copy was performed to overcome 
the capsid structure complexity. After 4 blocks 
being refined and reconstructed, a program was 
used to combine the 4 blocks into an asymmetric 
unit. The resolution as determined by Golden 
standard Fourier shell correlation was 3.6 A 
using the 0.143 threshold. To solve the Ewald 
sphere problem, knowing the rotation and tran- 
slation parameters of a virus, the distance d be- 
tween the center of one copy in the 3D virus and 
the center of the virus along the zg axis (parallel 
to the incident electron beam) was calculated. 
Assuming the defocus obtained by fitting the 
Thon ring representing the distance between the 
center of the virus and focused point of objective 
lens, the local defocus of each copy in the 3D 
virus was the sum of d and the defocus value. 
This local defocus of each copy instead of the 
uniform defocus obtained by fitting was used 
to reconstruct the blocks. After combining these 
blocks, the final resolution of HSV capsid ap- 
proached 3.1-A resolution. We used the program 
of post process in RELION (57) to evaluate the 
resolution and did the map sharpening (estimate 
the B-factor automatically). 


Model building and refinement 


The ab-initial atomic models of the C-Hex, P-Hex, 
Pen, VP26, and Triplex were built de novo into 
density using COOT (60). Among these, the 
crystal structure of the upper domain (67) was 
manually fitted into the maps of the capsomers 
using CHIMERA (62) and further manually 
corrected in COOT (60). Models were further 
improved by iterative positional and B-factor 
refinement in real space using Phenix (63), re- 
building in COOT (60), and evaluated by Molprobity 
(64) and Refmac (65). Refinement statistics are 
listed in table S1. 
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Triggered recruitment 
of ESCRT machinery promotes 
endolysosomal repair 


Michael L. Skowyra, Paul H. Schlesinger, Teresa V. Naismith, Phyllis I. Hanson* 


INTRODUCTION: Lysosomes are degradative 
organelles that break down diverse materials 
delivered from inside and outside the cell by 
specialized vesicles called endosomes. Collec- 
tively, these membrane-enclosed compartments 
constitute the endolysosomal network. Endoly- 
sosomes can be ruptured or otherwise damaged 
by materials that they transport or accumu- 
late. Damage can occur intentionally as in the 
case of incoming pathogens that seek to ac- 
cess the cytoplasm. Alternatively, damage can 
arise incidentally by membrane destabilizing 
molecules or by particulates such as crystals 
and protein aggregates that can puncture the 
lipid bilayer. To guard against these toxic or 
harmful substances and preserve pathway func- 
tion, cells must be able to maintain and restore 
the integrity of their endolysosomal membranes. 
The mechanisms responsible for this vital func- 
tion remain unclear. 


RATIONALE: Extensively damaged compart- 
ments can be sequestered and degraded by 


Disruptive 
material 7 


¢*“ 


Ht s(n? 
Endocytic ——> _ ie ™ g — = 
uptake 


a form of selective autophagy called lysophagy, 
which is facilitated by cytosolic damage sen- 
sors such as galectins that bind to luminal 
glycans exposed on injured organelles. More 
limited damage is likely to require alternative 
responses for efficient resolution and repair. The 
endosomal sorting complex required for trans- 
port (ESCRT) machinery comprises a collec- 
tion of proteins that form polymeric filaments 
to promote budding and fission of membranes 
in numerous contexts, notably during the for- 
mation of multivesicular endosomes. Recent 
studies highlight an additional role for ESCRT 
proteins in resolving small wounds on the 
plasma membrane and tears in the nuclear 
envelope. We investigated whether ESCRT 
machinery might also be recruited to dam- 
aged endolysosomes to promote their repair. 


RESULTS: Using common peptide reagents 
that accumulate within acidic endolysosomes 
and selectively trigger their disruption, we dem- 
onstrate that ESCRT machinery rapidly and 
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Alternative fates of damaged endolysosomes. Materials that are transported by 

or accumulate in endolysosomes can disrupt their membranes. Small disruptions trigger 
Ca?*-dependent recruitment of ESCRT machinery to promote repair of the injured organelle. 
More extensively damaged compartments instead accumulate galectins and are degraded 


by lysophagy. 
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coherently assembles on the limiting membrane 
of injured endolysosomal organelles. This re- 
sponse was observed in multiple types of cells, 
including phagocytes, and was especially prom- 
inent on endolysosomes damaged by inter- 
nalized silica crystals. Notably, damage-triggered 
ESCRT recruitment required calcium as well 
as known ESCRT-nucleating factors includ- 
ing TSG101 and ALIX, and was distinct from 
lysophagy. To investigate the role played by 
ESCRT machinery on damaged endolysosomes, 
we used live-cell imaging of fluorescently tagged 
ESCRT proteins together with probes to dynam- 
ically monitor compartmental integrity. These 

experiments established 
that ESCRT recruitment 
Raad the tullaaielé correlates with the onset 
at http://dx.doi. of small perforations per- 
org/10.1126/ meable to protons, but 
science.aar5078 not with larger ruptures 
that allow exchange of 
high molecular weight material, including in- 
ternalized dextrans and cytoplasmic glycan- 
sensing galectins. Imaging ESCRT dynamics 
during a pulse of transient membrane dis- 
ruption further revealed that ESCRT recruit- 
ment precedes recovery of compartmental 
function, monitored with a fluorogenic indica- 
tor of lysosomal protease activity. Accordingly, 
depleting cells of relevant ESCRT recruit- 
ment factors impaired both the reacidification 
and functional recovery of transiently injured 
organelles. 


CONCLUSION: Our kinetic and functional 
data reveal a role for ESCRTs in the repair 
of small perforations in endolysosomes. This 
activity enables a restorative response to lim- 
ited membrane damage that is likely to be 
protective in pathological contexts involving 
endolysosomal leakage and may help counter 
damage-induced inflammation. Transiently 
pacifying this response could additionally 
benefit efforts aimed at maximizing targeted 
drug and nanoparticle delivery through endo- 
cytosis. ESCRT participation in endolysoso- 
mal repair shares similarities with previously 
described roles for this machinery in mend- 
ing nanometer-sized wounds at the plasma 
membrane and resealing the nuclear envel- 
ope, suggesting that ESCRT-promoted mem- 
brane repair may constitute a generic cellular 
response to limited membrane disruption. 
Based on the geometric constraints of endo- 
lysosomes and the type of damage they incur, 
we speculate that repair could proceed through 
closure of the membrane wound by ESCRT- 
containing filaments. 
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Triggered recruitment 
of ESCRT machinery promotes 
endolysosomal repair 


Michael L. Skowyra, Paul H. Schlesinger, Teresa V. Naismith, Phyllis I. Hanson* 


Endolysosomes can be damaged by diverse materials. Terminally damaged compartments 
are degraded by lysophagy, but pathways that repair salvageable organelles are poorly 
understood. Here we found that the endosomal sorting complex required for transport (ESCRT) 
machinery, known to mediate budding and fission on endolysosomes, also plays an 
essential role in their repair. ESCRTs were rapidly recruited to acutely injured endolysosomes 
through a pathway requiring calcium and ESCRT-activating factors that was independent 

of lysophagy. We used live-cell imaging to demonstrate that ESCRTs responded to small 
perforations in endolysosomal membranes and enabled compartments to recover from limited 
damage. Silica crystals that disrupted endolysosomes also triggered ESCRT recruitment. 
ESCRTs thus provide a defense against endolysosomal damage likely to be relevant in 


physiological and pathological contexts. 


ndosomes and lysosomes together consti- 
tute the endolysosomal network that func- 
tions to sort, recycle, and degrade a wide 
range of substances from within and out- 
side the cell. Endolysosomes are vulnerable 
to damage from diverse material such as incom- 
ing pathogens that seek to access the cytoplasm, 
molecules that intercalate into or otherwise de- 
stabilize the lipid bilayer, or particulate matter 
such as crystals that can puncture the membrane. 
Failure to promptly repair or sequester disrupted 
compartments can have deleterious consequences, 
including, in extreme cases, cell death. 

Damaged endolysosomes can be isolated from 
the rest of the cell and degraded by a form of 
selective autophagy known as lysophagy. Lyso- 
phagy is promoted by recruitment of cytoplasmic 
proteins including galectins and glycoprotein- 
specific ubiquitin ligases to abnormally exposed 
luminal glycans on the afflicted compartment 
(1-6). Whether damaged endolysosomes can avoid 
autophagic degradation and instead be fully re- 
paired is less clear but has been suspected (7-11). 
How this might work and how disrupted com- 
partments would be triaged between these op- 
posing fates is not known. 

Membrane repair is known to occur elsewhere 
in the cell, particularly at the plasma membrane 
where coordinated responses counter mechanical 
and other disruptions (12, 13), but also at the nu- 
clear envelope (/4). In both of these contexts, re- 
cent studies highlight important roles played by 
ESCRT (endosomal sorting complex required for 
transport) machinery (75-19). ESCRT proteins are 
organized into several modular complexes des- 
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ignated ESCRT-O, -I, -IJ, and -III, in addition to 
the adenosine triphosphatase VPS4 and associ- 
ated factors, that together help power such pro- 
cesses as intraluminal vesicle formation, viral 
budding, and cytokinetic abscission, in addition 
to membrane repair (20). All of these processes 
share the involvement of ESCRT-III proteins (in- 
cluding CHMPs 1-7 and IST1), which form fila- 
ments around membrane orifices that are thought 
to drive constriction and typically promote mem- 
brane fission (21, 22). 


ESCRTs respond to 
endolysosomal damage 


To investigate whether ESCRT machinery might 
participate in repairing damaged endolysosomes, 
we first asked whether ESCRT components are 
recruited to these compartments after selective 
membrane damage. The lysosomotropic compound 
LLOME (1-leucyl-1-leucine O-methy] ester) is com- 
monly used to rupture endolysosomes (3, 23, 24). 
LLOME rapidly permeates cellular membranes 
and accumulates in the lumen of acidified organ- 
elles, where it is condensed into a membrano- 
lytic polymer by the lysosomal enzyme cathepsin 
C (9, 23). We confirmed LLOME-induced dam- 
age in HeLa cells by noting concentration of 
cytoplasmic GAL3 [a galectin frequently used 
to monitor damage (24)] on punctate structures 
(Fig. 1A). Immunostaining LLOME-treated cells 
for the ESCRT-III component CHMP4<A revealed 
that this typically cytoplasmic protein also accu- 
mulated on intensely stained puncta throughout 
the cell (Fig. 1A). These CHMP4.A-containing struc- 
tures did not completely correspond to those 
marked by GAL3, but they did overlap with the 
known CHMP4<-interacting protein ALIX (Fig. 1B). 

Multiple ESCRT-II proteins, including CHMP2B 
(Fig. 1C) as well as CHMP1A, CHMP1B, CHMP3, 
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CHMP4B, CHMP5, and IST1 (fig. S1), were co- 
recruited along with CHMP4A to LLOME-triggered 
puncta in U20OS cells, as were additional ESCRT- 
III interactors, including VPS4A and VTAI (fig. 
S1). The extensive accumulation and coincidence 
of this large number of ESCRT-III proteins sug- 
gests that ESCRT mobilization constitutes a co- 
herent response to LLOME. We detected similar 
LLOME-dependent redistribution of ESCRT pro- 
teins in several different cell types, including breast 
adenocarcinoma and glioblastoma cells as well 
as macrophage-like THP-1 cells commonly used 
in studies of pathogen uptake and endolysoso- 
mal escape (fig. S2), and in HeLa cells expressing 
fluorescently tagged ESCRT-III proteins (fig. S3). 
We next confirmed that ESCRT recruitment 
correlated with LLOME-induced membrane dam- 
age. The effects of LLOME on ESCRTs were 
abolished by preincubating cells with the cathepsin 
inhibitor E64d (Fig. 1D), which prevents LLOME 
processing by cathepsin C and consequent mem- 
brane disruption (9). Accordingly, ESCRT-enriched 
structures induced by LLOME corresponded to 
late endosomes and lysosomes, coinciding well 
with LAMP! but not with the early endosome 
protein EEAI (Fig. 1E). ESCRT proteins localized 
to the limiting membrane of damaged endolyso- 
somes (fig. $4). Closer inspection of ESCRT-labeled 
compartments by deep-etch electron microscopy 
confirmed that ESCRTs accumulated on vesicular 
structures (Fig. 1F and fig. S5). ESCRTs were seen 
to cluster in small domains on compartments ex- 
hibiting low immunolabel density, suggesting a 
role at discrete regions of the organelle membrane. 
We next explored how ESCRT machinery might 
be targeted to damaged endolysosomes, using 
CHMP4<A as a reporter of ESCRT recruitment. The 
ESCRT-I protein TSG101 is well known to nucleate 
ESCRT assembly in various contexts (20). TSG101 
coaccumulated with CHMP4A on endolysosomes 
after LLOME-induced damage (fig. S6), and de- 
pleting cells of TSG101 delayed, but did not abolish, 
CHMP4<A recruitment (fig. S7). TSG101 interacts 
with, and in certain contexts cooperates with, 
ALIX to recruit ESCRT-III machinery (25, 26). 
Although ALIX colocalized with CHMP4A and 
other ESCRT components on endolysosomes after 
damage (Fig. 1B and fig. SI), CHMP4A accumu- 
lation was unperturbed in LLOME-treated cells 
depleted of ALIX alone (fig. S7) despite efficient 
protein reduction (fig. S8). However, depleting 
both TSG101 and ALIX suppressed the response 
of CHMP4A to LLOME (Fig. 2A and figs. S7 and 
$8). Other ESCRT-III proteins were similarly 
attenuated, although some residual signal was 
observed that was potentially attributable to dif- 
ferential antibody sensitivity and/or incomplete 
knockdown (fig. S9). Because TSG101 is known 
to be important for ESCRT-mediated endosomal 
sorting, we wanted to be sure that the reduction 
in ESCRT recruitment was not caused by im- 
paired LLOME processing. GAL3 accumulation 
in response to LLOME was, however, unchanged 
in cells co-depleted of TSG101 and ALIX (Fig. 2B), 
confirming comparable membrane damage. 
TSG101 and ALIX direct ESCRT assembly to 
membranes in response to pathway-specific signals. 
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Calcium is an established trigger of cellular re- 
sponses to membrane damage at the plasma 
membrane (13) and is required to recruit ESCRTs 
to plasma membrane wounds (15, 16). Because 
endolysosomes are calcium-storing organelles 
and rupturing them increases intracellular cal- 
cium (27, 28), we wondered whether ESCRT 
recruitment to damaged endolysosomes might 
similarly be regulated by calcium. Preloading cells 
with the calcium chelator BAPTA-AM prevented 
accumulation of ESCRTs on LLOME-disrupted 
endolysosomes without impairing organelle dam- 
age, demonstrated again by GAL3 accumulation 
(Fig. 2C). Supporting a role for calcium, ESCRT 
machinery coaccumulated on damaged endoly- 
sosomes with ALG-2 (fig. S10), a protein previ- 


2 


Fractional overlap 


+LLOME 15 min am 


Fig. 1. Damaged endolysosomes recruit ESCRT machinery. (A) HeLa 
cells treated with or without LLOME were costained for CHMP4A and GAL3. 
(B and C) U2OS cells treated as above were costained for ALIX and the 
indicated ESCRT-III proteins. (D) U2OS cells preincubated for 5 min in the 
absence or presence of the cathepsin inhibitor E64d were exposed to LLOME 
and costained for CHMP4A and ALIX. (E) LLOME-treated U2OS cells were 
stained for CHMP4A and EEA1 or LAMPI. Fractional overlap between CHMP4A 
puncta and labeled compartments is shown at right (n = 7 cells for EEA1, 13 
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ously implicated in calcium-dependent ESCRT 
assembly at plasma membrane wounds (16, 29). 


ESCRT response is separable 
from lysophagy 


Calcium-triggered responses are typically rapid, 
prompting us to inspect the timing of ESCRT 
recruitment to damaged compartments. In U20S 
and HeLa cells treated with LLOME for varying 
durations, ESCRT components were detectable 
on LAMP!1-containing organelles within a min- 
ute (Fig. 3A) and reached maximal accumulation 
shortly thereafter (Fig. 3, B to D). In contrast, 
GAL3-reactive structures were largely undetect- 
able at these early times, instead appearing stead- 
ily over a prolonged period (Fig. 3, B and C), as 
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expected (3, 4). The delayed accumulation of 
GAL3 was accompanied by increasing amounts 
of ubiquitin-conjugated material (Fig. 3D and 
fig. S11) and the ubiquitin-dependent disaggre- 
gase VCP/p97 (fig. S12), consistent with known 
roles for ubiquitination and associated proteins 
in lysophagy (2, 5, 30). Early ESCRT recruitment 
and delayed accumulation of GAL3 and ubiquiti- 
nated material were also apparent in macrophage- 
like THP-1 cells (fig. S13), suggesting that the 
ESCRT response is distinct from lysophagy. 
ESCRTs, however, have long been suspected to 
play a poorly defined role during autophagosome 
maturation (37), prompting us to further examine 
the relationship between lysophagy and ESCRT 
recruitment. Lysophagy involves engulfment of 


-E64d 
+ LLOME 


cells for LAMP1). (F) U2OS cells or (G) HeLa cells producing CHMP4C-GFP 
were treated with LLOME and immunolabeled as indicated before processing 
for deep-etch electron microscopy. Top panels depict two-dimensional views 
with pseudocolored immunogold; bottom panels show corresponding 
anaglyphs, to be viewed with dual-color glasses. In all fluorescence micrographs, 
representative cells are shown outlined by dashed white lines; boxed areas 

are magnified at right; and coincidence of green and magenta appears white. 
Scale bars, 10 um [(A to E); 2 um in magnified views]; 100 nm (F and G). 
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CHMP4A over 
threshold 


== == 
— + 


LLOME 


Fig. 2. TSG101 and ALIX, as well as calcium, are required for ESCRT 
assembly on damaged endolysosomes. (A and B) HeLa cells trans- 
fected with the indicated siRNAs were treated with or without LLOME and 
stained for CHMP4A (A) or GAL3 (B). The proportion of each stain that 
exceeded a starting threshold is quantified [in the order shown: n = 20, 33, 21, 


the damaged organelle by an autophagosome, 
whose formation requires phosphatidylinositol 
3-phosphate (PI3P) (Fig. 3E). The ESCRT response 
to LLOME was unaffected by treating cells with 
wortmannin (Fig. 3F), an inhibitor of PI3P syn- 
thesis, despite clear physiological changes asso- 
ciated with loss of PI3P elsewhere in the cell (fig. 
$14). Organelle engulfment also requires conju- 
gation of LC3 to the expanding autophagosome 
membrane (3) by the autophagy elongation com- 
plex (Fig. 3E), of which ATGI6L1 is an essential com- 
ponent (32). Indeed, HeLa cells lacking ATGI6L1 
(33) failed to accumulate green fluorescent pro- 
tein (GFP)-tagged LC3B in association with LLOME- 
damaged endolysosomes (fig. S15). Nevertheless, 
LLOME-induced ESCRT redistribution was un- 
perturbed (Fig. 3G). GFP-LC3B association with 
LLOME-damaged organelles was also unaffected 
in cells depleted of TSG101 and ALIX (fig. S16). 
The presence of ESCRT machinery on LLOME- 
damaged endolysosomes could thus be uncoupled 
from autophagosome formation. 


ESCRTs preferentially sense small 
ruptures in the endolysosomal membrane 


We next examined why ESCRTs and factors in- 
volved in lysophagy respond differently to LLOME- 
induced damage. LLOME forms hydrophobic 
adducts that destabilize the lipid bilayer, causing 
damage that ranges from small perturbations per- 
meable to protons and small molecules (9) to 
larger ruptures that allow exchange of higher 
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GAL3 over 
threshold 


= + 
LLOME 


molecular weight material (24). Lysophagy of 
ruptured endolysosomes is directed in part by an 
influx of galectins, which bind to injury-exposed 
luminal B-galactosides (7, 2) and would thus re- 
quire sufficiently large membrane disruptions to 
access the compartmental interior. ESCRTs, by 
contrast, would not be similarly constrained be- 
cause they assemble on the cytoplasmic surface 
of organellar membranes. 

We used live-cell imaging to assess whether the 
nature of membrane damage dictates whether 
and when ESCRTs or galectins are recruited. Fluo- 
rescently tagged ESCRT-III proteins, in this case 
CHMP4B-GFP (34), responded to LLOME earlier 
than did mCherry-GAL3 (Fig. 4A), as observed 
for their endogenous counterparts (Fig. 3, B to 
D). The proteins also did not always appear to- 
gether, with some compartments only recruiting 
CHMP4B-GFP, some only recruiting mCherry- 
GAL3, and others accumulating both (see arrows 
in Fig. 4A). Dually labeled compartments were 
typically first surrounded by ESCRTs and only 
later acquired mCherry-GAL3, occasionally through 
what appeared to be a single breach of the limit- 
ing membrane (Fig. 4B), consistent with restricted 
access of GAL3 to the endolysosomal interior. 

We clarified this behavior by loading endoly- 
sosomes with high molecular weight dextrans 
conjugated to pH-sensitive FITC (fluorescein 
isothiocyanate), enabling us to distinguish per- 
turbations permeable to protons from larger rup- 
tures that allow dextran escape. Adding LLOME 
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and 33 cells in (A); and 20, 21, 20, and 27 cells in (B); n.s. denotes P = 0.6319 by 
Student's two-tailed unpaired t test]. Horizontal bars mark the median; 
whiskers span the interquartile range. (©) U2OS cells producing mCherry- 
GAL3 were preincubated for 1 hour with or without BAPTA-AM, then treated 
with or without LLOME and stained for CHMP4A. Scale bars, 10 um. 


increased the fluorescence of dextran-loaded endo- 
lysosomes (Fig. 4C), indicating a dissipated pH 
gradient in an otherwise intact organelle. Most 
brightened dextran puncta were quickly surrounded 
by the ESCRT-III protein CHMP3-mCherry (Fig. 4C 
and fig. S17), whereas similar recruitment was 
not observed after raising luminal pH with am- 
monium chloride (fig. S18). We did not see much 
mCherry-GAL3 on brightened dextran puncta 
during the same early time period (Fig. 4D). There 
were, however, occasional events in which sudden 
loss of dextran coincided with rapid concentra- 
tion of mCherry-GAL3 (see arrows in Fig. 4D), 
linking the galectin response to substantial mem- 
brane perforation. Similarly abrupt GAL3 accu- 
mulation accompanies adenoviral escape from 
endosomes (35). ESCRTs thus responded to proton- 
permeable disruptions on most afflicted com- 
partments that GAL3 did not perceive (Fig. 4). 
In support of this conclusion, treating cells with 
a low concentration of LLOME to limit damage 
redistributed ESCRTs onto LAMP!1-reactive com- 
partments, but only a few contained substantial 
GAL3 (fig. $19). 


ESCRTs are transiently recruited after 
acute membrane damage 


The preceding experiments were performed in 
the continuous presence of LLOME and thus 
reported on cumulative ESCRT recruitment to 
perturbed compartments. However, ESCRT machin- 
ery operates transiently in most contexts that use 
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ATG16L1 
LC3 
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Fig. 3. ESCRT machinery is rapidly recruited to LLOME-damaged 
endolysosomes and is independent of lysophagy. (A) U2OS cells 
exposed to LLOME for the indicated times were costained for ALIX and 
LAMP1. Boxed areas are magnified below; arrows highlight LLOME-induced 
ESCRT puncta. (B) HeLa cells treated with LLOME for the indicated 
times were costained for ALIX and GAL3. The proportion of each stain 
that exceeded a starting threshold is plotted in (©). Shown are the median 
and interquartile range (in chronological order: n = 3, 8, 10 and 8 cells). 
(D) Quantitation of CHMP4B or ubiquitinated material (polyUb) (see 
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fig. S11) as in (C) (in chronological order: n = 10, 11, 15, and 16 cells for 
CHMP4B; n = 19, 18, 25, and 26 cells for polyUb). (E) Schematic depicting 
lysophagy and the role of factors targeted in adjacent experiments. 

(F) U2OS cells preincubated with or without wortmannin were treated 
with LLOME and costained for ALIX and CHMP4A. (G) HeLa cells 
expressing endogenous ATGI6L1 (ATGI6L1*”*) or lacking ATGI6L1 as a 
result of CRISPR-mediated gene deletion (ATGI6L1”-) were treated with 
or without LLOME for 10 min and costained for ALIX and the ESCRT-III 
protein IST1. Scale bars, 10 um (2 um in magnified views). 
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Fig. 4. ESCRT machinery preferentially responds to small membrane 
disruptions. (A) HeLa cells producing CHMP4B-GFP were additionally 
transfected with a plasmid encoding mCherry-GAL3 and imaged live before 
and after adding LLOME. Colored arrows in magnified views of boxed 

areas designate structures containing only CHMP4B-GFP (green), only 
mCherry-GAL3 (magenta), or both (white). (B) Cells imaged as in (A). Boxed 
areas are magnified at right, with the leftmost two columns showing each signal 
in grayscale; these are merged and colored in the third column. Arrowhead 
marks the initial appearance of GAL3. Note that this compartment rotates over 
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time, as denoted by the curved arrows. (C and D) U2OS cells were transfected 
with plasmids encoding CHMP3-mCherry (C) or mCherry-GAL3 (D) and 
loaded with 40-kDa pH-sensitive FITC-dextran chased into endolysosomes. 
Cells were imaged live before and after addition of LLOME. Boxed areas are 
magnified as in (B). Arrowheads in (D) indicate a dextran-laden compartment 
that rapidly acquires GAL3 after sudden loss of dextran. (E) Interpretive 
illustration of the different events seen in (C) and (D). In all panels, single 
planes of a representative cell are shown at the times indicated from each 
recording. Scale bars, 10 um (2 wm in magnified views). 
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Fig. 5. Transient ESCRT 
recruitment accompa- 

nies and is important 

for recovery of 
endolysosomes from 

acute damage. (A) HeLa 
cells producing CHMP1B- 

GFP were loaded with 

40-kDa rhodamine B 

dextran to label endoly- 
sosomes and imaged live 
during and after a 30-s 
exposure to LLOME. 

Shown are select frames 

from the resulting time 

lapse, corresponding to B 
the boxed area of the out- 
lined cell. Similar transient 
recruitment was observed 
with GPN (see fig. S23). 
(B) CHMP1B-GFP cells 
were incubated with Magic 
Red to label functional 
endolysosomes and then 
imaged live at 30-s inter- 
vals during and after a 
2-min exposure to GPN. 
Magic Red was maintained 
at the same concentration 
throughout (see also 
movie S1). The number of 
Magic Red or CHMP1B- 
GFP puncta detected at 
each time is plotted below 
(n = 17 cells), normalized 
to the initial number of 
puncta. Solid lines trace 
the median; boxes span 
the interquartile range; 
whiskers designate the 
10th and 90th percentiles. 
Dotted lines plot the num- 
ber of puncta in the cell 
depicted in the time series, 
and the corresponding 
frames are numbered 
above the graph. An inter- 
pretive illustration of the 
observed events is shown 
at right. (C) U2OS cells 
transfected with the indi- 
cated siRNA were labeled 
with Magic Red and 
recorded live at 30-s inter- 
vals during and after a 
3-min pulse of GPN. Left 
panels depict a represen- 
tative cell from each 


norm. puncta count 


norm. puncta count 
per cell 


Time (min) 


cohort, showing dissipation of Magic Red during the GPN pulse and a delay in Magic Red reacquisition in ESCRT-deficient cells. This behavior is plotted at right in 
terms of the number of Magic Red puncta at each time per cell from each cohort (n = 97 cells from four experiments). Scale bars, 10 um (2 um in magnified views). 


its membrane remodeling activity (20). We thus 
sought a way to follow ESCRT dynamics during 
both the onset and resolution of endolysosomal 
injury. Briefly exposing cells to lysosomotropic 
rupturing agents induces transient membrane 
disruption (9, 11, 27, 36) and accordingly, cells 
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treated with LLOME for less than a minute ac- 
quired ESCRT puncta shortly after adding drug 
but not at later times (fig. S20). Under these con- 
ditions of limited disruption, CHMP1B-GFP tran- 
siently appeared on dextran-labeled endolysosomes 
and then gradually dissociated over time (Fig. 5A). 


6 April 2018 


Similar dynamics were apparent with additional 
ESCRT-III components (fig. $21). 

GPN (glycyl-.-phenylalanine 2-naphthylamide) 
is an alternative rupturing agent that accumulates 
in endolysosomes like LLOME (11, 27). How- 
ever, GPN is processed into metabolites thought 
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Fig. 6. Depleting 
ESCRT machinery 
impairs endolyso- 
somal membrane 
repair. (A) A 
ratiometric pH- 
sensing assay was 
used to monitor 
endolysosomal 
integrity. U20S 
cells transfected 
with the indicated 
siRNAs were 
loaded with 40- to 
70-kDa dextrans 
conjugated to pH- 
sensitive FITC and 
pH-insensitive 
rhodamine B fluo- 
rophores chased 
into endolyso- 
somes. Loaded 
cells were imaged 
at 30-s intervals 
during and after a 
1-min exposure to 
LLOME. Fluores- 
cence micrographs 
show a representa- 
tive field of endoly- 
sosomes from 
each cohort, 
depicting the 
changes in FITC 
fluorescence asso- 
ciated with key 
steps in the assay. 
Scale bars, 10 um. 
(B) Changes in the 
median ratio of 
FITC-to-rhodamine 
B fluorescence per 
cell at each time 
are plotted (n = 

97 control and 85 
knockdown cells 
from four 
experiments). Red 
line traces the 
response of a 
representative con- 
trol cell. Blue lines 
designate two cells 
from the ESCRT- 
depleted cohort, 
one in which recov- 
ery was impaired 
and another in 
which recovery was 
similar to that of 
the control. Hori- 
zontal dashed line 
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specifies a recovery threshold derived from the control population (see methods). In (C), the percentage of cells in each cohort that reached this threshold 
during recovery was counted, in each of four experiments. Lines connect the median; boxes and whiskers span the corresponding quartiles. (D to G) With 


the use of the same approach, the behavior of control and ESCRT-deficient cells was compared after a 3-min exposure to GPN [(D and E); n = 99 control and 


91 knockdown cells from four experiments] or to 10 mM ammonium chloride [(F and G); n = 43 control and 29 knockdown cells from four experiments]. 
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Fig. 7. ESCRTs are 
recruited to vacuolar 
compartments 
disrupted by silica 
nanocrystals. (A and 
B) PMA-differentiated 
THP-1 monocytes 

were treated with 

or without silica 

(SiOz) (50 ug/ml) 
nanoparticles for 

3 hours and stained 

for IST1 or VPS4A. 
Shown are widefield 
fluorescence images 

of representative cells 
from each cohort. 

(C) THP-1 cells treated 
as above were co- 
stained for the indicated 
ESCRT-III proteins along 
with rhodamine- 
conjugated phalloidin. 
Note that the prominent 
actin-rich puncta corre- 
spond to podosomes 
characteristic of this 
cell type. Shown are 
maximum-intensity 


untreated 


S-L oe 


untreated 


CHMP4A 


projections of representative cells. Magnified below are single planes 
corresponding to the boxed area, highlighting the type of compartment 
(outlined by yellow dotted lines) on which ESCRTs were predominantly 
observed in SiO>2-fed cells (see fig. S27 for a corresponding three-dimensional 
rendering). (D) U2OS cells producing mCherry-GAL3 (Chy-GAL3) were fed 
silica nanoparticles for 1.5 hours and costained for the indicated ESCRT-III 


to promote osmotic rupture (27, 37) potentially 
similar to damage caused by materials that nor- 
mally transit the endolysosomal network. On initial 
examination, ESCRT recruitment in GPN-treated 
cells was less pronounced than that seen with 
LLOME (fig. S22). However, similarly to LLOME, 
briefly treating cells with GPN caused ESCRT pro- 
teins to transiently accumulate on dextran-marked 
endolysosomes (fig. S23). 


ESCRTs facilitate endolysosomal 
membrane repair 


We next compared the timing of ESCRT recruit- 
ment with loss and recovery of endolysosomal 
function, using the Magic Red fluorogenic indi- 
cator of lysosomal protease activity (77). Magic 
Red fluorescence was lost after brief exposure to 
GPN as above, but returned after washing GPN 
away (Fig. 5B and movie S1). ESCRT puncta ap- 
peared transiently after Magic Red dissipation but 
before complete recovery (Fig. 5B, fig. S24, and 
movie S1). A similar relationship between tran- 
sient ESCRT puncta and Magic Red was observed 
in cells treated briefly with LLOME (fig. S25) but 
not in mock-treated controls (fig. S26 and movie S2). 

The temporal correlation between transient 
ESCRT recruitment and endolyososomal recovery 
suggested that ESCRTs might be involved in re- 
pairing damaged endolysosomal membranes, a 
hypothesis supported by known roles of ESCRT 
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untreated 


proteins in resealing wounds at the plasma mem- 
brane and nuclear envelope (15-17). We thus im- 
plemented the protocol just described to examine 
endolysosomal recovery in cells depleted of TSG101 
and ALIX. ESCRT-deficient cells and controls ac- 
quired Magic Red to a similar extent, and lost Magic 
Red fluorescence with similar kinetics after adding 
GPN (Fig. 5C), indicating comparable pathway 
function and GPN processing. However, reacquisi- 
tion of Magic Red fluorescence after removing GPN 
was significantly delayed in ESCRT-deficient cells. 
In addition, ~20% fewer Magic Red structures re- 
covered than were present at the start of the assay, 
revealing a net loss of functional endolysosomes 
when the ESCRT response was impaired. 
Recovery of endolysosomal activity after dam- 
age is arguably a complex process, in which re- 
storation of membrane integrity is an early but 
critical step. Endolysosomal pH is well known 
to be acutely sensitive to changes in membrane 
permeability (38). We thus adapted a ratiometric 
pH-reporting system as a readout of membrane 
integrity (Fig. 6A), loading endolysosomes with a 
mixture of 40- to 70-kDa dextrans conjugated to 
pH-sensitive FITC or pH-insensitive rhodamine 
B fluorophores. FITC fluorescence was initially 
quenched in the acidic endolysosomal environ- 
ment but transiently increased during brief expo- 
sure to LLOME, revealing transient pH dissipation 
consistent with membrane disruption and re- 
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2 Sea CH 


proteins. Shown are maximum-intensity projections and magnified 
single-plane views of the boxed area. Yellow arrow indicates a compartment 
(elsewhere encircled by a dotted yellow line) intensely stained for both 
ESCRT-III proteins but lacking Chy-GAL3; red arrow marks a compartment 
(elsewhere encircled by a dotted red line) that has accumulated Chy-GAL3 
along with some ESCRT. Scale bars, 10 um (2 um in magnified views). 


covery. Compartments in cells depleted of TSG101 
and ALIX responded to LLOME-induced dam- 
age with increased FITC fluorescence compara- 
ble to that in controls (Fig. 6A). By plotting the 
median compartmental fluorescence ratio from 
individual cells over time, however, we noted that 
many ESCRT-deficient cells recovered organellar 
DH significantly more slowly than controls (Fig. 6, 
B and C) (39). Delayed recovery in ESCRT-deficient 
cells was also apparent after GPN-induced rup- 
ture (Fig. 6, D and E). Under both conditions, a 
significant proportion of knockdown cells failed to 
recover by the end of the assay, suggesting a greater 
number of irreparably damaged compartments. 
Notably, knockdown cells responded similarly to 
controls to pH modulation by the weak base am- 
monium chloride (Fig. 6, F and G). Thus, ESCRT 
activity is required in endolysosomal repair. 


ESCRTs respond to membrane 
perforation by silica crystals 


Previous studies have established that vesicular 
membranes can be damaged by particulate mate- 
rial such as crystals of silica, alum, and uric acid 
(10, 40, 41). In phagocytic cells, crystal-induced 
damage can lead to inflammasome activation 
that triggers secretion of proinflammatory cyto- 
kines and in dire cases activates cell death path- 
ways. Although vesicles extensively damaged by 
silica are subject to lysophagy (3), silica-laden 
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vacuoles have also been seen to incur small and 
resolvable membrane disruptions (J0). 

To assess whether ESCRT machinery would 
respond to silica-induced damage, we examined 
ESCRT localization in macrophage-like THP-1 cells 
that had been fed silica nanoparticles. Multiple 
ESCRT-III proteins were heavily enriched on vac- 
uolar as well as smaller structures in a majority of 
silica-treated cells, whereas comparable structures 
were not observed in mock-treated controls (Fig. 7, 
A to C). ESCRTs colocalized on silica-damaged 
compartments and covered a large portion of their 
surface area (Fig. '7C and fig. S27). Similar ESCRT 
accumulation was apparent in U2OS cells exposed 
to silica nanoparticles (Fig. 7D). We additionally 
noted that ESCRT-positive vacuoles only some- 
times contained GAL3 (Fig. 7D), supporting our 
conclusion that ESCRT machinery responds to 
sublytic membrane damage independently of 
galectins. 


Discussion 


ESCRTs are best known—and named for—their 
involvement in endosomal trafficking and are es- 
sential for generating vesicles that bud into multi- 
vesicular endosomes. Here we have shown that 
ESCRT machinery plays an additional role on 
endolysosomal organelles, responding to and 
promoting the repair of damaged or perforated 
membrane. ESCRT proteins readily accumulate 
on compartments disrupted by lysosomotropic 
peptides or internalized silica crystals and are 
important for restoring compartmental pH and 
hydrolytic function in an experimental paradigm 
of acute and reversible membrane damage. Not- 
ably, ESCRTs are recruited to small disruptions 
in endolysosomes independently of factors involved 
in lysophagy such as galectins, which are prefer- 
entially engaged by more extensively damaged 
compartments. Together with earlier studies show- 
ing that ESCRTs respond to wounds at the plasma 
membrane (15-17) and nuclear envelope (J8, 19), 
our study bolsters the idea that ESCRTs help to 
protect membrane integrity. 

The need to protect endolysosomal integrity 
has broad implications for many situations, per- 
haps most critically in highly phagocytic cells that 
internalize and process substantial loads of po- 
tentially disruptive material. Much of what is 
currently understood about damage to endoly- 
sosomal compartments comes from studies of 
pathogen entry, which collectively reveal a wide 
variety of strategies for interacting with and mod- 
ulating host endolysosomal membranes. Roles for 
ESCRT proteins in bacterial (42, 43) and viral 
(44-47) entry into cells have been reported, but 
never fully developed, because of challenges in 
reconciling them with trafficking functions classi- 
cally associated with ESCRTs on endolysosomes. 
A role for ESCRTs in protecting endolysosomal 
integrity may provide an additional context for 
further understanding these connections. 

Finally, central to this and previous studies 
of ESCRT function in membrane repair is the 
question of how this machinery acts to resolve 
membrane damage. Current thinking regard- 
ing ESCRT involvement in plasma membrane 
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repair envisions that ESCRTs package wounded 
membrane into vesicles for release from the cell 
surface (15-17). We propose an alternative although 
not mutually exclusive possibility in which ESCRT- 
III proteins and the filaments they form may 
repair damaged membranes on endolysosomes, 
and potentially elsewhere, by directly resealing 
wounds. Although clearly speculative, ESCRT-III 
filaments exhibit a propensity to assemble into 
spirals on membranes (21, 48) that can readily be 
envisioned to surround, constrict, and ultimately 
close an open hole. 


Materials and Methods 
Reagents and cell culture 


All chemical reagents were purchased from Sigma- 
Aldrich (St. Louis, MO, USA) unless otherwise 
indicated. Compounds were used at the follow- 
ing concentrations unless explicitly stated: 25 uM 
BAPTA-AM (no. 15551; Cayman Chemical, Ann 
Arbor, MI, USA); 200 uM E64d (no. 13533; Cayman 
Chemical); 200 uM GPN (no. sc-252858; Santa 
Cruz Biotechnology Dallas, TX, USA); 1 mM 
LLOME (no. L7393; Sigma-Aldrich); and 10 uM 
wortmannin (no. W1628; Sigma-Aldrich). Con- 
centrated stock solutions of all compounds were 
prepared in dimethyl sulfoxide (DMSO) and stored 
at -80°C in single-use aliquots. 

The mammalian expression vector encoding 
mCherry-GAL3 was kindly supplied by C. Weihl 
at Washington University in St. Louis (MO, USA) 
and has been described (27). The vector for p97- 
GFP was previously described (44). The plasmid 
encoding CHMP3-mCherry was constructed by 
cloning the human CHMP3 coding sequence into 
pmCherry-N1 (Clontech, Mountain View, CA, USA) 
using restriction enzymes Xba I and Hind IT. 

All cells were maintained at 37°C and supple- 
mented with 5% CO2. HeLa human cervical adeno- 
carcinoma, U20S human osteosarcoma, U-87 MG 
human glioblastoma, and MCF7 human breast 
adenocarcinoma cells originally from the American 
Type Culture Collection (ATCC; Manassas, VA, 
USA) were grown in Dulbecco’s modified Eagle’s 
medium (DMEM) (no. 11965-084; Gibco, Carlsbad, 
CA, USA) supplemented with 8% v/v fetal bovine 
serum (FBS; Atlanta Biologicals, Flowery Branch, 
GA, USA). HeLa cells constitutively producing 
C-terminal GFP-tagged CHMP1B, CHMP4B8, or 
CHMP4C were a generous gift from S. Simon at 
Rockefeller University (New York, NY, USA) and 
have been previously described (49). HeLa cells 
lacking ATGI6L1 as a result of genetic deletion 
(clone G9), as previously described (33), were kind- 
ly provided by R. Xavier at the Broad Institute 
(Boston, MA, USA) and H. Virgin at Washington 
University; these were maintained in DMEM sup- 
plemented with 10% v/v heat-inactivated FBS, 
1mM sodium pyruvate, and 10 mM HEPES (pH 7.4). 
The THP-1 (ATCC TIB-202) monocytic cell line 
was grown in suspension in Roswell Park Mem- 
orial Institute (RPMI) 1640 medium (R8758; Sigma- 
Aldrich) supplemented with 8% v/v FBS, 1 mM 
sodium pyruvate, and 50 uM 2-mercaptoethanol. 
Prior to an experiment, 2 x 10° to 3 x 10° THP1 
cells/ml were seeded over glass coverslips and 
differentiated into a macrophage-like state by 
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incubating for 3 to 4 days in growth medium 
additionally supplemented with 0.4 ug/ml PMA 
(phorbol-12-myristate-13-acetate) (no. 524400; Cal- 
biochem, San Diego, CA, USA). 


Drug treatments for immunofluorescence 


Cells were seeded over coverslips under the con- 
ditions appropriate for each cell line as described 
above. Growth media for all manipulations and 
drug dilutions were warmed to 37°C and equil- 
ibrated in 5% CO, before adding to cells. For 
experiments requiring continuous exposure to 
rupturing agents, coverslips were bathed in me- 
dium containing the appropriate agent, typically 
for 5 to 10 min unless otherwise indicated, then 
processed for immunofluorescence. For pulse- 
chase experiments, coverslips were immersed in 
medium containing the appropriate agent for 
the time indicated, rinsed in drug-free medium, 
and then incubated in excess drug-free medium 
as indicated before processing for immunofluo- 
rescence. For experiments assessing the effect of 
inhibitors or chelators on cellular responses to 
endolysosomal damage, cells were incubated in 
medium containing the inhibitor or chelator as 
specified, then switched to medium containing the 
inhibitor or chelator together with the indicated 
rupturing agent. 


Crystal nanoparticle uptake 


Silica nanoparticles (no. tlrl-sio; InvivoGen, San 
Diego, CA, USA) were suspended in ultrapure 
water according to the manufacturer’s instruc- 
tions and diluted in complete growth medium 
to 50 to 200 ug/ml. The resulting suspension 
was added to subconfluent cells on glass cover- 
slips, and cells were incubated for the times 
indicated before being fixed and prepared for 
immunofluorescence. 


RNA interference 


Subconfluent cells were suspended by trypsinization 
and transfected using DharmaFECT 1 (Dharmacon, 
Lafayette, CO, USA) according to the manufac- 
turer's instructions. The resulting cell suspen- 
sion was diluted in growth medium to a final 
concentration of ~1 x 10° cells/ml, 25 nM total 
siRNA, and 0.12% v/v transfection reagent, and 
dispensed into a well of a six-well plate and in- 
cubated as described above. Medium was re- 
placed after ~12 hours. After 36 to 48 hours, cells 
were suspended by trypsinization, reseeded at an 
appropriate density for subsequent experiments 
and incubated for an additional 16 to 24 hours. 
Where indicated, cells were additionally trans- 
fected with plasmid DNA, as described below, 
before reseeding. The siRNA sequences used were 
against human ALIX (5’ CCU GGA UAA UGA UGA 
AGG A), TSG101 (5' CCU CCA GUC UUC UCU 
CGU C), or firefly luciferase (5' AUG UAU UGG 
CCU GUA UUA G) as a nontargeting control. 
Each siRNA was synthesized with dideoxythimi- 
dine 3’ overhangs by Dharmacon. 


DNA transfections 


Cells were suspended by trypsinization and trans- 
fected using Lipofectamine 2000 (Invitrogen, 
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Carlsbad, CA, USA) according to the manufacturer’s 
instructions. The resulting cell suspension was 
diluted in growth medium to a final concentra- 
tion of ~1 x 10° cells/ml, 1 ug/ml total DNA, and 
0.14% v/v transfection reagent; dispensed into a 
culture vessel appropriate for the intended applica- 
tion; and incubated for 16 to 24 hours before use. 


Immunoblotting 


Cell lysates were electrophoretically resolved 
under denaturing and reducing conditions accord- 
ing to the method of Laemmli, and transferred to 
Protran nitrocellulose membranes (Amersham, 
Piscataway, NJ, USA) before immunoblotting 
with indicated antibodies against ALIX (mouse; 
no. 634502, Biolegend, San Diego, CA, USA), 
TSG101 (mouse; no. sc-7964, Santa Cruz), or 
a-tubulin (mouse; no. T-6199, Sigma-Aldrich), 
in Tris-buffered saline containing 0.01% v/v 
Tween 20 (Fisher Scientific, Waltham, MA, USA), 
and 3% w/v nonfat milk solids (Carnation, Vevey, 
Switzerland). Immunoblots were developed by 
chemiluminescence and captured on a ChemiDoc 
MP Imaging System (Bio-Rad Laboratories, Hercules, 
CA, USA). 


Microscopy 


The following imaging platforms were used where 
designated. Settings appropriate for individual 
applications are specified in each corresponding 
section in the methods. 

Platform 1, widefield fluorescence: Images were 
acquired via Metamorph Advanced software 
(64-bit, v. 7.7.5.0; Molecular Devices, Sunnyvale, 
CA, USA) on an Olympus (Tokyo, Japan) IX-81 
microscope, using a 60x 1.42 numerical aper- 
ture (NA) PLAPON Apochromat oil-immersion 
objective, an X-Cite 120Q excitation light source 
(Excelitas Technologies, Waltham MA, USA), an 
ORCA-Flash 2.8 scientific CMOS camera (Hamamatsu 
Photonics, Hamamatsu City, Japan), and the fol- 
lowing Brightline filter sets (Semrock, Rochester, 
NY, USA): long-pass blue emission (no. DAPI- 
11LP-A-000); single-band green emission (no. 
GFP-3035D-000); single-band red emission (no. 
mCherry-C-000); and single-band far-red emission 
(no. Cy5-4040C-000). 

Platform 2, Olympus spinning disk confocal: 
This configuration utilized the same microscope 
and objective as in Platform 1, except that images 
were acquired via uManager (50) using a Yokogawa 
(Tokyo, Japan) CSU10 spinning disk confocal 
scanner; a two-line (488 and 561 nm) Sapphire 
laser module (Coherent, Santa Clara, CA, USA) 
equipped with an acousto-optic tunable filter 
(Gooch & Housego, Ilminster, UK); green emis- 
sion (525 + 25 nm) and red emission (605 + 26 nm) 
ET series single-band bandpass filters (Chroma, 
Bellow Falls, VT, USA); and a Cascade 512B cam- 
era (Photometrics, Tucson, AZ, USA) in charge 
multiplication mode. For all time-lapse record- 
ings, the Olympus [X3 Z-drift compensation mod- 
ule (IX3-ZDC2) was engaged to compensate for 
axial drift. 

Platform 3, Nikon spinning disk confocal, single- 
camera mode: Images were acquired on a Nikon 
(Tokyo, Japan) spinning disk confocal system, com- 
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posed of a Nikon Ti-E inverted microscope, 60x 
1.40 NA and 100x 1.45 NA CFI Plan Apochromat 
Lambda oil-immersion objectives, and a four- 
line (405, 488, 561, and 647 nm) laser module 
coupled to a Yokogawa CSU-X1 variable speed 
scanner through a filter wheel equipped with 
the following single-band bandpass filters (Chroma): 
blue emission ET455/50m (455 + 25 nm); green 
emission ET525/36m (525 + 18 nm); red emission 
ET605/70m (605 + 30 nm); and far-red emission 
ET700/75m (700 + 37.5 nm). Images were ac- 
quired via NIS-Elements AR software (version 
4.51; Nikon) on a Zyla 4.2-megapixel scientific 
CMOS camera (Andor, Belfast, UK). For all time- 
lapse recordings, the Nikon Perfect Focus System 
(PFS) was used to compensate for axial drift. Where 
indicated, the camera was configured to use a 16-bit 
dual amplifier to improve the signal-to-noise ratio 
(SNR) yet preserve a sufficiently wide dynamic 
range to avoid pixel saturation. Binning was ad- 
ditionally employed to further improve the SNR 
as appropriate. 

Platform 4, Nikon spinning disk confocal, dual- 
camera mode: Images were acquired on the same 
system as Platform 3, with the following mod- 
ifications. For ratiometric pH assessment, samples 
were simultaneously illuminated with 488- and 
561-nm excitation light, and emitted fluorescence 
was simultaneously directed through an Andor 
TuCam dual camera adapter to a pair of Andor 
Zyla 4.2-megapixel sCMOS cameras, using a 
580 nm BrightLine dichroic beamsplitter (no. 
FF580-FDi01; Semrock) coupled to red emission 
(617 + 36.5 nm; no. FF02-617/73) and green emis- 
sion (514 + 15 nm; no. FF01-514/30) BrightLine 
single-band bandpass filters (Semrock). For all 
other experiments, samples were sequentially il- 
luminated with 488- and then 561-nm excitation 
light, and only the green component of the 488-nm 
emission and the red component of the 561-nm 
emission (as determined by the above filter cut- 
offs) were retained. 


Immunofluorescence 


Cells grown over no. 1.5 round glass coverslips 
(Electron Microscopy Sciences, Hatfield, PA, USA) 
were fixed in ~4% w/v paraformaldehyde (Elec- 
tron Microscopy Sciences) in PBS for 15 min at 
room temperature (RT), rinsed with phosphate- 
buffered saline (PBS), and permeabilized either 
in 0.1% v/v Triton X-100 (no. 28314; Pierce Bio- 
technology, Waltham, MA, USA) or, for all immuno- 
stains involving LAMP, in 0.4% w/v saponin 
(no. 84510; Sigma-Aldrich), in PBS for 10 min at 
RT. Cells were next rinsed in PBS and blocked for 
30 min in 5% v/v goat serum in PBS with or with- 
out 0.1% w/v saponin, as appropriate. Alterna- 
tively, cells were fixed by immersing the coverslips 
in cold methanol on dry ice for 30 min, then air- 
dried for 5 min before blocking. 

Cells were immunolabeled in blocking solution 
for 1 hour at RT with antibodies against the fol- 
lowing proteins: ALG-2 at a 200-fold dilution (rabbit; 
no. 12303-1-AP, ProteinTech Group, Rosemont, 
IL, USA); ALIX at 5 ug/ml (mouse; no. 634502, 
Biolegend); CHMP1A at 1 ug/ml (mouse; no sc- 
271617, Santa Cruz); CHMPIB at 0.7 ug/ml (rabbit; 
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no. 14639-1-AP, ProteinTech Group); CHMP2B at 
5 ug/ml (rabbit; no. ab33174, Abcam, Cambridge, 
United Kingdom); CHMP3 at 1 ug/ml (mouse; 
no. sc-166361, Santa Cruz); CHMP4<A at 1.3 ug/ml 
(rabbit; (32)); CHMP4B at a 200-fold dilution 
(rabbit; clone 485, a generous gift from A. Shiels 
at Washington University); CHMP5 at 0.8 ug/ml 
(rabbit; no. sc-67230, Santa Cruz); GAL3 at 1 ug/ 
ml (rabbit; no. sc-20157, Santa Cruz) or at 1 ug/ml 
(mouse; no. sc-32790, Santa Cruz); IST1 at 0.4 ug/ 
ml (rabbit; no. 19842-1-AP, ProteinTech); EEA1 at 
0.5 ug/ml (mouse; no. 610456, BD Biosciences, 
Franklin Lakes, NJ, USA); LAMP! at a 1000-fold 
dilution of ascites fluid (mouse; clone H4.A3, the 
Developmental Studies Hybridoma Bank, Iowa 
City, IA, USA); TSG101 at 0.2 ug/ml (mouse; no. 
sc-7964, Santa Cruz); VPS4A at 5 ug/ml (mouse; 
no. SAB4200215, Sigma-Aldrich); or VTA1 at 
3.7 ug/ml (rabbit; no. GTX107286, GeneTex, Irvine, 
CA, USA). 

After rinsing with PBS, goat secondary anti- 
bodies conjugated to Alexa Fluor 488, 555, or 647 
fluorescent dyes (Molecular Probes, Carlsbad, CA, 
USA) were diluted to 1 ug/ml in blocking solution 
together with 0.25 ug/ml of 4’,6-diamidino-2- 
phenylindole (DAPI; Molecular Probes) and added 
to immunolabeled cells for 30 min at RT. After 
rinsing with PBS, coverslips were mounted in a 
solution of 100 mM Tris (pH 8.5 at RT), 10.5% w/v 
polyvinyl alcohol, and 21% v/v glycerol and al- 
lowed to cure for 24 hours before imaging. 

Images of fixed cells were acquired on the 
platform indicated in each figure legend. Where 
appropriate, multicolor images were computation- 
ally corrected for lateral and axial chromatic aber- 
ration using as a reference fluorescent microspheres 
(Invitrogen) imaged using identical parameters. 
Images to be compared were collected with id- 
entical acquisition settings, configured to maximize 
the dynamic range while avoiding saturation of 
relevant features. 


Electron microscopy 


Cells were grown to near confluence on polylysine- 
coated 12-mm no. 1 coverslips (BioCoat, no. 354085; 
Discovery Labware, Bedford, MA, USA), then in- 
cubated with LLOME for 10-15 min. Coverslips 
were next briefly rinsed in 0.3x KHMgk (at 1x: 
30 mM Hepes pH 7.2 at RT, 70 mM KCl, 5 mM 
MgCly, and 3 mM EGTA), unroofed by brief ul- 
trasonication, and immediately immersed in 
KHMgE containing 2% w/v paraformaldehyde 
for ~1 hour. Antibody staining was performed as 
previously described (57) using 18-nm gold parti- 
cles conjugated to goat anti-rabbit or anti-mouse 
(Jackson Immunoresearch, West Grove, PA, USA) 
antibodies. The area of coverslip with the highest 
yield of plasma membranes was identified by 
phase contrast microscopy and trimmed with a 
diamond knife to ~3 x 3 mm. Replicas were pre- 
pared as previously described (57) and viewed 
on a JEM-1400 transmission electron microscope 
(JEOL, Tokyo, Japan) at two different tilt angles 
(+/- 5°). Images were captured using an XR111 
camera (Advanced Microscopy Techniques, Woburn, 
MA, USA). Digital image pairs were made into 
anaglyphs as described (51). 
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Sample preparation for time-lapse 
recordings 

The following procedure was used to prepare 
cells for imaging in all time-lapse experiments; 
modifications and additional information speci- 
fic to any given application are described in the 
corresponding sections below. Cells from a sub- 
confluent culture were seeded in a four-chamber, 
no. 1.5 glass-bottom dish (Cellvis, Mountain View, 
CA, USA) and cultured as appropriate for the 
intended experiment. Before imaging, medium 
was replaced with warmed imaging solution [com- 
posed of 20 mM HEPES (pH 7.4) at RT, 140 mM 
NaCl, 2.5 mM KCl, 1.8 mM CaCly, 1 mM MgCl, 
10 mM D-glucose, and 5% v/v FBS], and the dish 
immediately transferred to a Tokai Hit (Fujinomiya 
City, Japan) INU series stage-top incubator pre- 
heated to 37°C. The dish was allowed to equili- 
brate for 20 min before initiating acquisition. 
Imaging solution intended for all manipulations 
and drug dilutions was warmed to 37°C in a sep- 
arate vessel placed within the stage-top incubator 
together with the cells, to prevent slight differ- 
ences in temperature and atmospheric condi- 
tions from influencing the cellular response. 


Time-lapse recordings of fluorescently 
tagged proteins 


U20S cells transfected with plasmids encoding 
the indicated mCherry-tagged proteins, or HeLa 
cells constitutively producing the indicated GFP- 
tagged proteins, were seeded at ~1 x 10* cells per 
chamber of a four-well dish and cultured for 16 
to 24 hours. Where indicated, cells were addition- 
ally transfected with plasmids encoding mCherry- 
tagged proteins before seeding, or loaded with 
FITC-conjugated or rhodamine B-conjugated 
dextran (see section on ratiometric pH sensing 
below) before being prepared for imaging. Single- 
color recordings were acquired at 30-s intervals 
on 20 to 30 fields of cells using Platform 2. Dual- 
color recordings were acquired at 30-s intervals 
using Platform 4, with both cameras operating at 
a readout rate of 200 MHz and utilizing a 16-bit 
dual amplifier with binning. Acquisition was 
paused for 30 s after the first four timepoints to 
allow cells to be bathed in imaging solution con- 
taining rupturing agent or vehicle alone, and sub- 
sequently continued without interruption. 


Time-lapse recordings using Magic Red 


Stock solutions of Magic Red (no. 938; Immuno- 
Chemistry Technologies, Bloomington, MN, USA) 
were prepared in DMSO according to the manu- 
facturer's instructions and stored at -80°C in 
single-use aliquots. A fresh aliquot was thawed 
for each experiment before use. 

For imaging GFP-tagged ESCRT-III proteins in 
the presence of Magic Red, appropriate HeLa cells 
were cultured in four-well dishes and prepared for 
imaging. Magic Red was diluted 2000-fold in ex- 
cess imaging solution and equilibrated in an ad- 
ditional vessel on the stage-top incubator together 
with the cells and regular imaging solution. Be- 
fore each experiment, 0.5 ml of this labeling so- 
lution was added to cells. Compartments labeled 
with Magic Red began to be discernible by 2 min, 
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at which time 20 to 30 cells with ~10 or more 
bright puncta were selected for imaging; and by 
10 min, the intensity of Magic Red-labeled com- 
partments had stabilized and acquisition was in- 
itiated. Acquisition was paused for 30 s after the 
first four timepoints and the cells bathed in imag- 
ing solution containing Magic Red together with 
the rupturing agent or vehicle. Acquisition was 
then continued for the duration specified; paused 
again for 1 min as the cells were washed with 1 ml 
of fresh imaging solution and reimmersed in ad- 
ditional imaging solution containing only the 
Magic Red reagent; and subsequently continued 
without further interruption. Recordings were 
acquired at 30-s intervals using Platform 4. 

For imaging Magic Red in cells depleted of 
TSG101 and ALIX, U2OS cells were seeded at 
no more than 5 x 10* cells per chamber of a four- 
well dish and cultured for 16 to 24 hours before 
labeling with Magic Red and imaging as above. 
Fields were imaged consecutively, for 100 msec 
each, at 30-s intervals on Platform 3, using 561-nm 
excitation and the 100x 145 NA objective, and 
the camera configured to operate at 200 MHz 
with the 16-bit dual amplifier and 4 x 4 binning. 


Ratiometric pH sensing 


U20S cells were seeded at no more than 5 x 10* 
cells per chamber of a four-well glass-bottom dish 
and allowed to adhere for ~12 hours. Medium 
was then replaced with fresh growth medium 
containing 0.5 mg/ml fluorescein isothiocynate 
(FITC)-conjugated 40-kDa dextran (no. D-1844, 
Molecular Probes) and 0.2 mg/ml rhodamine B- 
conjugated 70-kDa dextran (no. D-1841, Molecu- 
lar Probes). After 6 hours, cells were washed in 
excess medium and incubated for a further 6 hours 
in dextran-free medium to allow the dextrans to 
accumulate in late endosomes and lysosomes, be- 
fore being prepared for imaging. 

For each experiment, 20 to 30 fields were se- 
lected that consisted of a single cell containing 
210 compartments with bright rhodamine B 
fluorescence and dim FITC fluorescence. Fields 
were imaged consecutively, for 100 ms each, at 
30-s intervals on Platform 4 using the 100x 1.45 
NA objective. Both cameras were configured to 
operate with a readout rate of 200 MHz using a 
16-bit dual amplifier and 4 x 4 binning. After the 
first four timepoints, the recording was paused 
for 30 s as cells were bathed in imaging solution 
containing an appropriate concentration of rup- 
turing agent or other compound. The recording 
was continued for the duration indicated, paused 
again for 1 min as the cells were washed once 
with 1 ml of imaging solution and then bathed in 
0.5 ml of imaging solution, and subsequently con- 
tinued without interruption. 


Image analysis 


All analyses were performed on the original, un- 
modified image data using ImageJ (52) with the 
aid of custom-written scripts that are available 
on request. For time-lapse recordings, all fields in 
which cells detached or otherwise moved out of 
the focal plane at any time during imaging were 
omitted from analysis. 
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In Fig. 1D, fractional overlap between the 
ESCRT and endosomal marker immunostains 
was calculated as follows. Images were first auto- 
matically thresholded to generate regions of in- 
terest corresponding to the compartments that 
stained either for the ESCRT component or for 
each respective marker. Next, additional regions 
of interest were generated that corresponded to 
the intersection of the ESCRT compartments and 
those identified by each respective marker. Final- 
ly, the total pixel area of the intersecting set was 
calculated, and divided by the total pixel area 
occupied by the ESCRT compartments in each 
image. 

In Fig. 2 (A and B) and Fig. 3 (C and D), the 
proportion of each indicated immunostain that 
exceeded a starting threshold was calculated as 
follows. Only images of individual cells, and in 
which the majority of the cellular area fit within 
the imaging field, were considered for analysis. 
The outlines of individual cells and the corre- 
sponding nuclei were manually traced to further 
limit the analysis to the pixels within the cyto- 
plasmic area of each cell. A starting intensity 
threshold was first derived by extracting and 
pooling pixel intensity values from all images of 
untreated cells, and then calculating the corre- 
sponding 99th percentile for that cohort. Next, 
the proportion of total signal that exceeded this 
threshold (i.e., denoted as signal over threshold) 
was calculated for each image, and normalized to 
the median signal over threshold for the time- 
point cohort with the maximal intensity. 

In Fig. 5B, the number of Magic Red and 
ESCRT puncta was calculated as follows. For each 
channel, a mean background value was manually 
calculated by averaging, across several fields, the 
pixel intensity in an extracellular area at least 100 x 
100 pixels wide. This value was then subtracted 
from all pixels in the respective channel at every 
timepoint for each field. Background-corrected 
images were next linearly contrast-stretched to 
normalize the pixel intensity distribution: for 
each field, lower and upper intensity bounds were 
calculated that allowed 0.1% pixel saturation at 
the initial timepoint; the remaining timepoints 
were then adjusted to this range. Finally, puncta 
were identified in terms of local intensity maxi- 
ma above an empirically determined threshold. 
(The same threshold was applied to all record- 
ings of all samples analyzed within each exper- 
iment.) For Magic Red, the number of puncta 
identified at each timepoint was normalized to 
the initial number of puncta, calculated as the 
average of the first four timepoints. For fluores- 
cent ESCRT-III proteins, the number of puncta 
identified at each timepoint was normalized to 
the initial puncta count as described above, as 
well as to the maximum number of puncta iden- 
tified within the respective field at any timepoint 
during the recording. 

In Fig. 5C, the number of Magic Red puncta 
was determined as follows. Images of Magic Red 
fluorescence were background-subtracted as above, 
and further corrected for local intensity varia- 
tions using the Rolling Ball Background Sub- 
traction algorithm in ImageJ. Compartments 
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containing Magic Red were then identified by 
calculating local intensity maxima above a pre- 
determined threshold as above. For every cell, 
the number of compartments thus identified at 
each timepoint was normalized to the average 
number of compartments for that cell during the 
initial four timepoints. 

In Fig. 6, relative changes in endolysosomal 
PH were extracted from time-lapse recordings of 
fluorescently-labeled dextrans. A mean background 
value was first manually calculated for each chan- 
nel by averaging, across several fields, the pixel 
intensity in an area at least 100 x 100 pixels 
devoid of dextran puncta. This value was then 
subtracted from all pixels in the respective chan- 
nel at every timepoint for each field. Dextran- 
loaded compartments were next computationally 
identified as follows, using the channel corre- 
sponding to the pH-insensitive fluorescence of the 
rhodamine B-conjugated dextran. At each time- 
point, the background-subtracted rhodamine 
B image was first linearly contrast-stretched by 
allowing 0.1% pixel saturation to normalize the 
pixel intensity distribution, and then thresholded 
according to a predetermined value that pre- 
served the majority of visible dextran-loaded 
compartments. (The same threshold was applied 
to all recordings of all samples analyzed within 
each experiment.) The brightest pixels within the 
image were next identified by calculating local 
intensity maxima, and every pixel thus identified 
was symmetrically enlarged by one pixel in each 
direction to yield a square region 3 x 3 pixels wide 
that encompassed the majority of the correspond- 
ing compartment. The total intensity within this 
region was measured from the original background- 
subtracted image for each channel, and reported 
as the ratio of the FITC intensity to the rhodamine 
B intensity for that compartment at that time- 
point. For whole cell-based measurements, the 
median ratio for the respective field was calcu- 
lated from the ratios of all compartments iden- 
tified within that field at that timepoint, and 
normalized to the average ratio of the first four 
timepoints for that cell. The data were then 
filtered by first calculating the 5th and 95th per- 
centiles of the control cohort at the timepoint im- 
mediately preceding washout, and then excluding 
from further analysis any cell from either cohort 
whose ratio value at this timepoint was less than 
the above 5th percentile or greater than the above 
95th percentile. In addition, any cell whose ratio 
at any timepoint after washout exceeded the above 
95th percentile was also rejected. The extent of 
recovery was then assessed as follows. A recovery 
threshold was first derived by pooling all whole 
cell values from the control cohort throughout 
the duration of washout and calculating the 
corresponding 95th percentile. For each cohort 
the number of cells was then counted that ex- 
ceeded this threshold at every timepoint after 
washout and reported as a percentage of all cells 
analyzed. 


Statistics 


Statistical significance was calculated using Graph- 
pad Prism 7.0c (La Jolla, CA, USA). 
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Image processing for publication 

All digital images, including fluorescence and 
electron micrographs, immunoblots, and time- 
lapse recordings, were linearly contrast stretched 
in ImageJ to display relevant features. All frames 
within a movie, and all images and movies in- 
tended to be compared, were processed iden- 
tically. For images of pH-sensitive fluorophores, 
background fluorescence was first subtracted as 
described above in the section on time-lapse re- 
cordings using Magic Red, before contrast stretch- 
ing. In fig. S27, three-dimensional projections 
were rendered from spinning-disk confocal Z- 
stacks in NIS-Elements software using new en- 
gine in alpha blending mode. Data were plotted 
using Graphpad Prism 7.0c. Figures were as- 
sembled for publication using Adobe Illustrator 
CS4 (San Jose, CA, USA). 
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CRMP2-binding compound, edonerpic 
maleate, accelerates motor function 
recovery from brain damage 
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Tomohiro Okuda,”* Yoshio Goshima,” Noriyuki Higo,” Takuya Takahashi" + 


Brain damage such as stroke is a devastating neurological condition that may severely 
compromise patient quality of life. No effective medication-mediated intervention to 
accelerate rehabilitation has been established. We found that a small compound, 
edonerpic maleate, facilitated experience-driven synaptic glutamate AMPA (a-amino-3- 
hydroxy-5-methyl-4-isoxazole-propionic-acid) receptor delivery and resulted in the 
acceleration of motor function recovery after motor cortex cryoinjury in mice in a 
training-dependent manner through cortical reorganization. Edonerpic bound to 
collapsin-response-mediator-protein 2 (CRMP2) and failed to augment recovery in 
CRMP2-deficient mice. Edonerpic maleate enhanced motor function recovery from 
internal capsule hemorrhage in nonhuman primates. Thus, edonerpic maleate, a 

neural plasticity enhancer, could be a clinically potent small compound with which to 


accelerate rehabilitation after brain damage. 


rain damage mainly caused by stroke is 

a severe neurological condition that may 

lead to paralysis and compromise work 

capacity and self-care. No pharmacological 

intervention that could foster recovery and 
complement current rehabilitation has yet been 
established as effective. Restoration of motor im- 
pairment after brain damage is considered to be 
the result of compensative neural plasticity in in- 
tact brain regions, mediated by the reorganization 
of cortical motor maps (J-7). Experience-dependent 
synaptic AMPA (o-amino-3-hydroxy-5-methyl- 
4-isoxazole-propionic-acid) receptor (AMPAR) 
delivery underlies behaviors that require neural 
plasticity such as learning (8-8). We have pre- 
viously shown that synaptic AMPAR trafficking 
plays crucial roles in the compensative cortical 
reorganization of the sensory cortex (15). Thus, 
the facilitation of experience-dependent synaptic 
AMPAR delivery could result in rehabilitative 
training-dependent motor cortical reorganization 
and the acceleration of motor function recovery 
with rehabilitation after brain damage. Collapsin- 
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response-mediator-protein 2 (CRMP2) is a down- 
stream molecule of semaphorin (19, 20) and is 
thought to be related to synaptic plasticity and 
learning (27, 22). 


Results 

Edonerpic maleate facilitates 
experience-dependent synaptic AMPAR 
delivery in the adult mice barrel cortex 


Edonerpic maleate (T-817MA; 1-{3-[2-(1- 
benzothiophen-5-yl)ethoxy]propyl}azetidin-3- 
ol maleate) (Fig. 1A) protects neuronal cells and 
modifies their morphology (23). Edonerpic male- 
ate has been the most characterized compound 
among this series of compounds. Further, phase I 
of a clinical trial of edonerpic maleate was suc- 
cessfully terminated, and the safety of edonerpic 
maleate was proven. However, its clinical appli- 
cation has not been determined. In order to ex- 
plore actions of edonerpic maleate on neuronal 
function, we focused on the roles of edonerpic ma- 
leate in experience-dependent synaptic plasticity, 
which has not been studied. To examine whether 
edonerpic maleate affects experience-dependent 
synaptic AMPAR delivery, we focused on layer 4-2/3 
pyramidal synapses of adult mice barrel cortex, 
where natural whisker experience-dependent 
AMPAR delivery is not observed (Fig. 1, B and C). 
We administrated edonerpic maleate orally, twice 
a day (30 mg/kg) for 3 weeks to 2-month-old 
adult mice. Then, we prepared acute brain slices 
and examined synaptic responses at layer 4-2/3 
pyramidal synapses of the barrel cortex. We first 
recorded the ratio of evoked AMPAR- to NMDA 


(N-methyl-p-aspartate) receptor (NMDAR)- 
mediated synaptic currents (AMPA/NMDA ratio). 
We found an increased AMPA/NMDA ratio in 
edonerpic maleate-administered compared with 
vehicle-administered mice (Fig. 1B). This effect 
was whisker experience-dependent because we 
detected no increase of the AMPA/NMDA ratio 
in edonerpic maleate-administered mice in the 
absence of whiskers (deprived for 2 or 3 days) 
(Fig. 1B). There was no difference in kinetics of 
NMDAR-mediated currents among these groups 
(fig. SL). We then replaced extracellular Ca?* 
with Sr?* in order to induce asynchronous trans- 
mitter release and analyzed the quantal EPSCs 
(excitatory postsynaptic currents) at layer 4-2/3 
pyramidal synapses. We found increased ampli- 
tude of evoked miniature EPSCs (mEPSCs) in 
edonerpic maleate-administered mice, compared 
with vehicle-administered mice, in the presence 
but not in the absence of whiskers (Fig. 1C). 
Three days of treatment with edonerpic maleate 
exhibited the same effect (fig. $2). Consistent 
with this, the induction of long-term potentiation 
(LTP) at layer 4-2/3 barrel cortical synapses onto 
pyramidal neurons was facilitated by the pres- 
ence of edonerpic maleate (fig. S3). 


Edonerpic maleate binds to CRMP2 


We prepared affinity columns of edonerpic- 
conjugated resin (edonerpic beads) (fig. S4A), 
only linker-conjugated resin (linker beads), or 
inactivated control resin (control beads). After 
the protein purification, we analyzed purified 
proteins and detected a band near 60 kDa 
specific to purified proteins by edonerpic beads 
(Fig. 1D). Mass spectrometry revealed that this 
band corresponded to CRMP2 (Fig. 1E). Immu- 
noblotting of mice brain lysate pulled down by 
edonerpic beads (but not linker beads or control 
beads) also detected the CRMP2-specific band 
(Fig. 1F). To further examine the binding of edo- 
nerpic to CRMP2, we pulled down the brain 
lysate obtained from CRMP2-deficient mice with 
edonerpic beads (24). We did not observe de- 
tectable CRMP2-positive bands with CRMP2- 
deficient mice (fig. S4B). We performed isothermal 
titration calorimetry (ITC) with cell-free condi- 
tions and found that the dissociation constant 
(Kg) value of the edonerpic-binding to CRMP2 
at ~7.35 x 10°* M (Fig. 1G). To further investi- 
gate the effect of edonerpic on CRMP2, we mixed 
purified CRMP2 with edonerpic maleate in a cell- 
free condition and analyzed with native poly- 
acrylamide gel electrophoresis. Edonerpic maleate 
significantly (P < 0.05) decreased the amount of 
monomeric CRMP2 (Fig. 1H), indicating that 
edonerpic maleate regulates multimerization of 
CRMP2 through direct interaction. 

To examine whether CRMP2 mediates the edo- 
nerpic maleate-induced facilitation of synaptic 
AMPAR delivery in the adult mice barrel cortex, 
we used CRMP2-deficient mice (24). We admin- 
istered edonerpic maleate as described above to 
3-month-old CRMP2-deficient mice, measured 
the AMPA/NMDA ratio, and evoked mEPSC at 
layer 4-2/3 synapses onto pyramidal neurons 
of the barrel cortex. We observed a decreased 
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Fig. 1. Edonerpic maleate—induced facilitation of synaptic AMPAR 
delivery. (A) Chemical structure of edonerpic maleate. (B) (Left) 
Representative EPSCs in the barrel cortex treated with vehicle with 
intact whiskers, edonerpic with intact whiskers, edonerpic with whiskers 
deprived (WD), or vehicle with WD. (Right) Average AMPA/NMDA ratio. 
(C) (Left) Evoked mEPSC as in (B). (Right) Average amplitudes of evoked 
mEPSCs. (D) Silver-stained gel showing edonerpic-binding proteins. The 
black arrowhead indicates the protein selected for analysis with mass 
spectrometry. (E) Tandem mass spectra from tryptic digests of CRMP2. 
Fragment ions of the a, b, and y series identified in the tandem mass 
spectra from each peptide are shown. (F) Immunoblot of cortical lysate 
pulled down by indicated beads. (G) ITC-based measurements of 
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edonerpic fumarate binding to CRMP2. (Top) Raw thermogram. (Bottom) 
Integrated titration curve. (H) (Top) Immunoblot of purified CRMP2 
reacted with edonerpic. (Bottom) Monomer-to—total CRMP2 ratio. 

Data were normalized to control. (I) (Left) Representative EPSCs in the 
barrel cortex in CRMP2 knockout mice. Data of WT mice treated with 
vehicle with intact whiskers were derived from Fig. 1B. (Right) Average 
AMPA/NMDA ratio. (J) (Left) Evoked mEPSC in the barrel cortex in 
CRMP2 knockout mice. Data of WT mice treated with vehicle with intact 
whiskers were derived from Fig. 1C. (Right) Average amplitudes of evoked 
mEPSCs. *P < 0.05. Data were analyzed with one-way ANOVA, with 
Dunnett's post hoc tests [(B), (C), (H), (1), and (J)]. The number of animals 
used for each experiment is indicated in the figure. 
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AMPA/NMDA ratio and the amplitude of evoked 
mEPSC in edonerpic maleate-administered 
CRMP2-deficient mice, compared with edonerpic 
maleate-administered wild-type (WT) mice, in 
the presence of whiskers [Fig. 1, I and J (and Fig. 1, 
B and C)]. The AMPA/NMDA ratio and the am- 
plitude of evoked mEPSC in edonerpic maleate- or 
vehicle-administered CRMP2-deficient mice was 
comparable with that in vehicle-administered 
WT mice with whiskers and edonerpic maleate- 
administered WT mice in the absence of whiskers 
[Fig. 1, land J) (and Fig. 1, B and C)]. There was 
no difference in kinetics of NMDAR-mediated 
currents among these groups (fig. S4C). We next 
knocked down the expression of CRMP2 of py- 
ramidal neurons at layer 2/3 of the adult barrel 
cortex by means of lentivirus-mediated in vivo 
gene transfer of short hairpin RNA (shRNA) tar- 
geted to CRMP2 (25), examined the AMPA/NMDA 
ratio, and evoked mEPSC at layer 4-2/3 pyram- 
idal synapses in the adult barrel cortex with 
whole-cell recordings. CRMP2 knockdown blocked 
edonerpic maleate-induced increase of the AMPA/ 
NMDA ratio (fig. S4D) and the amplitude of 
evoked mEPSC at synapses formed from layer 
4 to layer 2/3 pyramidal neurons (fig. S4E). 


Edonerpic maleate accelerates motor 
function recovery from injury of the 
motor cortex 


Recovery of motor function with rehabilitation 
after brain damage is considered to be a training- 
dependent plastic event in the nervous system. 
Edonerpic maleate, an enhancer of experience- 
dependent synaptic AMPAR delivery, could ac- 
celerate the effect of rehabilitation after brain 
damage of motor function recovery in a training- 
dependent manner. To assess this effect on fore- 
limb movements, we trained mice to reach a fore- 
limb for food pellets. Reaching forelimb movements 
were analyzed by the success rate of taking the 
food pellets (supplementary materials, materials 
and methods). As the mice were trained, the 
success rate improved (Fig. 2A). We first in- 
vestigated whether the acquisition of the reach- 
ing task required synaptic AMPAR delivery. 
We overexpressed green fluorescent protein 
(GFP)-tagged cytoplasmic portion of GluAl (a 


subunit of AMPA receptors) or GFP only in 
layer 5 of the motor cortex and trained animals 
in the reaching task. This peptide (GluA1-ct) 
prevents synaptic GluAl delivery (12). Expres- 
sion of GFP-GluAl-ct prevented acquisition of 
the reaching task, whereas GFP expression did 
not (fig. S5). 

In humans, brain damage such as stroke dis- 
rupts once-acquired motor skills and leads to 
severe impairments. For the induction of brain 
injury, we used the cryoinjury method (supple- 
mentary materials, materials and methods). We 
trained animals in the reaching task and then 
induced motor cortical cryoinjury. Cryoinjury in 
the motor cortex of trained animals impaired 
their success rate (Fig. 2, B and C). After mild 
cortical cryoinjury, the decreased success rate 
in the reaching task could be recovered through 
training. This recovery was synaptic AMPAR 
delivery-dependent because expression of GFP- 
GluA1-ct in layer 5 of the intact motor cortex 
prevented recovery after training (fig. S6). 

Next, we produced a more severe motor cor- 
tical cryoinjury (Fig. 2B) in trained animals. In 
this condition, training was not sufficient for 
recovery (Fig. 2C). One day after the injury, we 
initiated oral administration of edonerpic male- 
ate (30 mg/kg, twice a day) or vehicle. Three 
weeks later, we treated mice with or without 
training. Training was initiated 1 hour after oral 
administration of edonerpic maleate, based on 
pharmacokinetic results, in which the maximum 
concentration of edonerpic was observed in the 
plasma and the brain in rodents at 1 hour after 
the oral administration (fig. S7). Concomitant 
training with edonerpic maleate administration 
dramatically recovered the impaired success rate 
in the reaching task. There was no obvious recovery 
in either edonerpic maleate-administered animals 
without training or vehicle-administered animals 
with or without training (Fig. 2D and fig. S8A). 
We also examined the dose-dependent effect of 
edonerpic maleate. One day after the injury, we 
started oral administration of edonerpic maleate 
in lower doses (20, 5, and 1 mg/kg, once a day). 
Three days later, we initiated training. Double- 
blind examination revealed that edonerpic maleate- 
administered mice at the dose of 20 or 5 mg/kg, 


Table 1. Monkeys used in the present study. Three monkeys were used in each treatment. There 
are no significant differences (P = 0.2 for weight, P = 0.6 for days of first reach) in body weight, age, 


or days of first reach. 


No. Weight (kg) 
Edonerpic A 5.14 5) 


Age (years) 


Dominant hand Days of first reach 
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but not 1 mg/kg, exhibited prominent recovery 
in reaching task performance in a rehabilitative 
training-dependent fashion (fig. S8B). We de- 
tected no significant difference (P = 0.79) of the 
injury size between vehicle-treated and edonerpic 
maleate-treated (20 mg/kg) mice during exper- 
iments (fig. S8C). Further, no behavioral abnor- 
malities by the administration of edonerpic 
maleate have been observed (fig. S9). Neither 
SA4503 nor paroxetine, previously reported 
(26, 27) as potential accelerators of rehabilitation, 
showed effects on motor function recovery in 
this experimental design (fig. S10). 


Edonerpic maleate drives AMPARs into 
synapses of peri-injured regions 

We next examined whether functional cortical re- 
organization is accompanied by edonerpic maleate- 
induced recovery after cryoinjury of the motor 
cortex. We produced the motor cortical cryoinjury 
and administered edonerpic maleate (30 mg/kg, 
twice a day) for three weeks, as described above, 
and trained animals for a week when we detected 
the motor function recovery. Then, we introduced 
a second lesion at the peri-injured region (just 
rostral to the first-injured region) (Fig. 2E). A 
week later, the animals with the second lesion 
exhibited deterioration of once-reacquired mo- 
tor function compared with sham-operated 
animals (Fig. 2E). This indicates that edonerpic 
maleate-induced motor function recovery after 
cryoinjury results from functional reorganiza- 
tion of the cortex. 

We examined whether synaptic AMPAR con- 
tents are altered by edonerpic maleate in the 
motor cortex of injured animals with recovered 
motor function. We produced the motor cortical 
cryoinjury and administered edonerpic maleate 
(30 mg/kg, twice a day) or vehicle for 3 weeks. 
Then, we treated animals with or without train- 
ing and, 6 weeks later, prepared acute brain slices 
and recorded from layer 5 pyramidal neurons in 
the above detected peri-injured region of the 
motor cortex, which could compensate for lost 
cortical function (Fig. 2F). Edonerpic maleate- 
administered recovered animals exhibited in- 
creased amplitude of mEPSCs, compared with 
vehicle-administered unrecovered mice (Fig. 2F). 
Consistent with the dose-dependent effects of 
edonerpic maleate on motor function recovery, 
edonerpic maleate-administered mice at 20 or 
5 mg/kg (recovered), but not 1 mg/kg (non- 
recovered), exhibited a prominent increase of 
the amplitude of mEPSC in the compensatory 
peri-injured region. In this experiment, 1 day 
after the injury, we started oral administration 
of edonerpic maleate at a reduced dose: 20, 5, 
and 1 mg/kg, once a day. Three days later, we 
initiated training. Four weeks after the start 
of training, we prepared acute brain slices and 
recorded from pyramidal neurons of layer 5 
(fig. S11). 

Next, we examined whether edonerpic maleate- 
induced recovery of motor function after cryo- 
injury of the motor cortex requires synaptic 
delivery of AMPARs in the cortical region, which 
was not primarily responsible for reaching task 
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Fig. 2. Accelerated recovery of the motor function after functional 
cortical reorganization. (A) Average success rate (SR) in the reaching 
task. (B) (Left) Schema of cryoinjury. (Right) Hematoxylin-eosin—stained 
with severe cryoinjury. (C) Average SR after cryoinjury. (D) (Left) 
Experimental design of treatments. (Right) Average performance score 
(PS). (E) (Top) Experimental design for the evaluation with second lesion 
at the peri-injured cortex. (Bottom left) Schema of second lesion. (Bottom 
right) Average SR in day 28 (before second lesion) or 35 (after second 
lesion). (F) (Top) Representative mEPSC at layer 5 pyramidal neurons in 
the peri-injured region. (Bottom left) Representative mEPSC at layer 

5 pyramidal neurons in the peri-injured cortex after day 56 [as in (D)]. 


post operative days 


Edonerpic with rehabilitative training or vehicle with rehabilitative 
training. (Bottom right) Average amplitudes of mEPSCs. (G) (Left) 
Experimental design for the evaluation with GFP-GluAl-ct or GFP 
expression by lentivirus in the peri-injured cortex. (Middle) Representative 
photomicrograph of the virus injection site. (Right) GFP-expressing 

cells in the peri-injured cortex. The dotted line represents the cryo-injured 
region. LV, lateral ventricle; CC, corpus callosum. (H) Average PS in 

mice with GFP-GluAl-c-tail or GFP expression. Data were analyzed with 
two-way ANOVA, followed by Bonferroni’s post hoc tests in (D) and (H), or 
unpaired t test in (E) and (F). *P < 0.05. The number of animals used in 
each experiment is indicated in the figure. 


performance before the cryoinjury. We trained 
animals in the reaching task and expressed GFP- 
tagged GluAl-ct or GFP in the motor cortex by 
means of lentivirus-mediated in vivo gene transfer 
(Fig. 2G). Injected areas were wider than injured 
areas and covered potential compensatory areas 
detected in the previous experiments (Fig. 2E). 
We then introduced cryoinjury in the motor cortex 
as described above. One day after the injury, we 
started oral administration of edonerpic maleate 
(30 mg/kg, twice a day). Three weeks after the 
initiation of edonerpic maleate administration, 
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we initiated the training. One week after the be- 
ginning of the training, we began evaluating 
the recovery of motor function in the reaching 
task. Expression of GluA1-ct prevented edonerpic 
maleate-induced recovery of motor function 
(Fig. 2H). 


CRMP2 mediates edonerpic maleate— 
induced acceleration of motor function 
recovery through rehabilitative training 


We found that edonerpic bound to CRMP2 
(Kq = ~7.35 x 10°* M). To examine whether 


edonerpic maleate-induced functional recovery 
is mediated by CRMP2, we produced the motor 
cortical cryoinjury in trained CRMP2-deficient 
mice in the reaching task, as described above. 
After the injury, we orally administered edonerpic 
maleate (30 mg/kg, twice a day) or vehicle. 
Three weeks later, we treated mice with or with- 
out training. During the training period, we 
evaluated the reaching task of these mice once a 
week as in the experiments described above. 
Training failed to recover reaching task per- 
formance in the mutant mice treated with 
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edonerpic maleate (Fig. 3A and fig. S8A). Con- 
sistent with this behavioral experiment, we 
detected no increase in the amplitude of mEPSCs 
of layer 5 pyramidal neurons of intact com- 
pensatory peri-injured motor cortical region 
of edonerpic maleate-administration CRMP2- 


deficient mice 6 weeks after the beginning of 
the training (Fig. 3B). 

Because abnormal neurological conditions 
could modulate CRMP2 (20, 28), we investi- 
gated the phosphorylation status of CRMP2 in 
the compensatory peri-injured region from edo- 


nerpic maleate-treated injured mice that recov- 
ered with rehabilitative training. We detected 
decreased amount of phosphorylated CRMP2 
in edoneripic maleate-treated recovered mice 
than vehicle-treated unrecovered mice with 
training (fig. S12A). 


A —e— WT mice Edonerpic + Tr. (n=11) Cc 
—&— CRMP2 KO mice Vehicle + Tr. (n=11) nO 26 Ro 
: F e xe xe ns. 
1.54 —®- CRMP2 KO mice Edonerpic + Tr. (n=12) ® ye ® gs we’ ge 20 oy Veni 
Ye <3 Ne ¢ Ne ¢s - [Bi Edonerpic 
co) = 
5 1.0 p Cofilin ee a 545 - ns 
7) [S) 
® 0.5 * rs) 
7 GAPDH |e 0 || eee ee || en 
5 2 
x i S 
£ total Cofilin | eee 0 || met | | eee = 
© 05 2 0.5 
a 7Y- oO 
— ee cee | a 
-1.0 GAPDH n=6 n=6 n=12 n=12 n=12 n=12 
i A x e 2 e & WT WT CRMP2 KO WT CRMP2 KO 
Ss wv Fv wr ww 8 aaa — ae Sai 
‘ es cLTP (-) cLTP (+) cLTP (-) cLTP (+) 
post operative days 
B CRMP2 KO mi D Cofilin Cofilin 
16 mice Venus eae Venus SE 4 r Venus 
Vehicle + Tr. n.s. Bi Cofilin S3E 
g 
' ye ! nny &3 
Zz 14 Zz 
a. 
— Q n.s. 
2 S SS 
i 12 22 
Edonerpic + Tr. E x 
= 
ah 2k alle 
> 
50ms n=10 n=11 n=8  n=8 
Edonerpic Vehicle Edonerpic Vehicle 
F x x) 
Q on ea 4 ww 
& és eS 3 
GB Venus Of & Rv & 
w oF wh oe : 
iT ili n.s. * 
Edonerpic Cofilin SSE 1.5 a, aa 20-4 


i Cofilin S3E 
154 T ns. 
: Ss 


Vehicle Venus 


Vehicle Cofilin SSE 


Evoked mEPSC (pA) 


Fig. 3. CRMP2 mediates edonerpic—induced functional recovery via 
ADF/cofilin activation. (A) Average performance score. WT mice 

data were derived from Fig. 2D. CRMP2 knockout data were added. 

B) (Left) Representative mEPSC at layer 5 pyramidal neurons in the 
peri-injured region of CRMP2 knockout mice (Fig. 2F). Edonerpic + 
rehabilitative training (Tr.)/knockout or vehicle + Tr. / knockout. (Right) 
Average amplitudes of mEPSCs. (C) (Left) Immunoblots of Cofilin, 
phosphorylated Cofilin, and glyceraldehyde-3-phosphate dehydrogenase 
GAPDH) obtained from cLTP-induced cortical slices of WT or CRMP2 
nockout mice. (Right) The level of p-Cofilin. GAPDH was used as 

the reference. The data were normalized to the vehicle-treated group. 
D) (Left) Representative EPSCs from Venus-expressing neurons or Cofilin 
S3E in the barrel cortex of mice administered with edonerpic or vehicle. 


Abe et al., Science 360, 50-57 (2018) 6 April 2018 


P Cofilin | same | wr ST 


GAPDH | = —| —_——— 


~ | 
A total Cofilin 


GAPDH | «= —|— —_— 


0.5 


Vehicle 
HB Edonerpic 


p Cofilin / total Cofilin 
Oo 

p Cofilin / total Cofilin 
a 


n=8  n=7 n=8  n=7 n=12 n=8 n=10 n=8 0 n=8  n=8 
: F or ra — Ti 

Edonerpic Vehicle Training (-) Training (+) re 
<2 o 

eS 

SS 

KOE 

Edonerpic 


(Right) Average AMPA/NMDA ratio. (E) (Left) Evoked mEPSC as in (D). 
(Right) Average amplitudes of evoked mEPSCs. (F) (Left) Immunoblots of 
Cofilin, p-Cofilin, and GAPDH from peri-injured cortical region of mice 

at day 28 (Fig. 2D). (Middle) Phosphorylation level of Cofilin. GAPDH was 
used as the reference. The data were normalized to the vehicle-treated 
group. (Right) Phosphorylation level of Cofilin in the peri-injured regions of 
edonerpic maleate—administered mice (comparison between with and 
without training). GAPDH was used as the reference. Data were analyzed 
with two-way ANOVA, followed by Bonferroni's post hoc tests [(A); 
edonerpic + Tr. / WT versus other groups in day 35, 42, and 49/56], or 
unpaired t test [(B), (C), (D), (E), and (F)]. *P < 0.05. n.s. indicates not 
significant. The number of animals used in each experiment is indicated in 
the figure. 
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CRMP2 mediates edonerpic maleate— 
induced activation of ADF/cofilin 

To further elucidate the mechanisms of how 
edonerpic-CRMP2 interaction modifies synaptic 
function under the plasticity-inducing condition 
(29), we performed biochemical studies with 
chemical LTP-induced cortical slices. We prepared 
cortical slices of the motor cortex and chem- 
ically induced LTP (cLTP) by briefly exposing 
the slices to the potassium channel blocker 
tetraethylammonium (TEA) (30). The actin- 
depolymerizing factor (ADF)/cofilin mediates 
AMPAR trafficking during synaptic plasticity 
(30-32); thus, we focused on this molecule as a 
potential downstream effector of edonerpic- 
CRMP2 interaction. ADF/cofilin is inactivated 
by phosphorylation and activated by dephos- 
phorylation at the serine-3 (Ser) residue. To 
determine whether edonerpic-maleate acti- 
vates ADF/cofilin in slices of the motor cortex 
under cLTP, we prepared the synaptoneuro- 
some fraction from cLTP-treated acute motor 
cortical slices. We detected decreased phospho- 
rylation of ADF/cofilin at Ser? in the edonerpic 
maleate-treated slices, compared with vehicle- 
treated ones, under cLTP but not under the 
normal condition, suggesting that ADF/cofilin 
is activated by edonerpic maleate under cLTP 
(Fig. 3C and fig. S12B). Edonerpic maleate- 
induced activation of ADF/cofilin under cLTP 
was abolished in slices from CRMP2-deficient 
mice (Fig. 3C and fig. S12B). Further, the phos- 
phorylation of ADF/cofilin at Ser® was decreased 
in slices of WT mice than CRMP2-deficient mice 
in the presence of edonerpic maleate (fig. S12C). 
These results indicate that edonerpic maleate- 
induced activation of ADF/cofilin under cLTP 
is mediated by CRMP2. 

To test whether the activation of ADF/cofilin 
mediates edonerpic-CRMP2-induced facilitation 
of synaptic AMPAR delivery, we overexpressed 
the dominant negative form of ADF/cofilin (S3E) 
together with Venus or Venus alone in the adult 
barrel cortex of edonerpic maleate-administered 
or vehicle-treated mice with lentivirus. Three 
weeks after the initiation of edonerpic maleate 
administration, we prepared acute brain slices 
and examined the AMPA/NMDA ratio and 
evoked mEPSC at layer 4-2/3 pyramidal syn- 
apses. We detected decreased AMPA/NMDA 
ratio and the amplitude of evoked mEPSC by 
the expression of ADF/cofilin S3E, compared 
with the expression of Venus alone, in edonerpic 
maleate-administered animals (Fig. 3, D and E). 
We detected no significant (P > 0.20) decrease 
of AMPA/NMDA ratio and the amplitude of 
mEPSC at layer 4-2/3 pyramidal synapses by 
the expression of ADF/cofilin S3E compared 
with the expression of Venus alone in vehicle- 
treated animals (Fig. 3, D and E). 

Consistent with this, we found activation of 
ADF/cofilin (decreased phosphorylation of ADF/ 
cofilin at Ser3) in the synaptoneurosome fraction 
obtained from the compensatory peri-injured 
region of edonerpic maleate-administered re- 
covered mice compared with vehicle-treated non- 
recovered mice (Fig. 3F). We also found significant 


Abe et al., Science 360, 50-57 (2018) 6 April 2018 


(P < 0.01) decrease of the phosphorylation levels 
of ADF/cofilin in edonerpic maleate-treated ani- 
mals with training than in those without train- 
ing (Fig. 3F). 


Edonerpic maleate facilitates motor 
function recovery after ICH in 
nonhuman primates 


Stroke such as hemorrhage and embolism in the 
internal capsule leads to severe paralysis of motor 
functions. The severity and outcome of motor 
impairments depend on the degree of damage 
to this region (33-36). To further show that 
edonerpic maleate facilitates training-dependent 
recovery from brain damage, we used an internal 
capsule hemorrhage (ICH) model in nonhuman 
primates. We trained macaque monkeys in two 
different tasks. A simple reach-to-grasp task aimed 
at evaluating the performance in both reaching 
and gross grasping (Fig. 4A). In nonhuman pri- 
mates and humans, development of the cortico- 
spinal tract correlates with improvement in the 
index of dexterity, particularly in the ability to 
perform precision grip, holding a small object 
between the thumb and index finger tips (37). 
In the vertical-slit task, the performance of 
dexterous hand movements, typical of primates, 
were evaluated (Fig. 4B). 

After monkeys learned to perform the tasks, 
we injected collagenase to the hemisphere con- 
tralateral to the preferred hand, under magnetic 
resonance imaging (MRI)-stereotaxic guidance. 
MRI scanning confirmed hemorrhage in the 
internal capsule (Fig. 4C). The area of the hy- 
perintense signal expanded at days 3 to 7 after 
injection and then decreased (fig. S13A). There- 
after, the residual hypointense area was almost 
stable until the end of the experiment, 6 months 
after injection (fig. S13B). The lesion in the in- 
ternal capsule was also histologically confirmed 
after the behavioral experiment ended (fig. S13C). 
Although there was a tendency that the decrease 
of lesion area in edonerpic maleate-treated animals 
during experiment is smaller than vehicle-treated 
monkeys, we did not detect statistical significance 
(fig. S13D). 

Before ICH, all animals smoothly performed 
both tasks, and they used precision grip in the 
vertical-slit task (movie S1). Immediately after 
ICH, flaccid paralysis of the contralateral forelimb, 
almost complete paralysis of the hand digits, and 
incomplete but severe paralysis of the wrist, 
elbow, and shoulder were observed. Forelimb 
motor functions then gradually recovered. Some 
of the monkeys showed mild paralysis of the 
contralateral hindlimb immediately after ICH, 
but the paralysis disappeared within a few days. 
Although the average stroke volume of edonerpic 
maleate-administered monkeys was higher than 
that of vehicle-administered monkeys, the dif- 
ference between the two groups was not statis- 
tically significant (P = 0.90, Mann-Whitney U 
test) (Fig. 4D). All monkeys were able to move 
the elbow and shoulder joints 1 to 2 weeks after 
ICH. On the day when the monkeys first reached 
for the piece of apple, presented in each task, 
rehabilitative training began (Fig. 4E and Table 1). 


The rehabilitative training was initiated 15 min 
after the administration of edonerpic maleate, 
based on the results of the pharmacokinetic 
study (fig. S14). 

During rehabilitative training, the perform- 
ance of the simple reach-to-grasp task gradually 
recovered in both the edonerpic maleate- and 
vehicle-administered monkeys (Fig. 4, F, G, H, 
and I; and figs. S15 and S16). Two-way analysis 
of variance (ANOVA) revealed significant (P < 
0.001) effects of edonerpic maleate administra- 
tion on the recovery of time to retrievals, com- 
pared with the vehicle-administered group, for 
both near and far locations (Fig. 4, F and G, 
and movies S2 and S3). Although the effect of 
edonerpic maleate was significant (P < 0.005) 
for both locations in the early phase, the effect 
was significant (P < 0.001) only for far location 
in the late phase of the rehabilitative training 
period (Fig. 4, H and I). Retrieval from the far 
location required more coordination of forelimb 
muscles, including the proximal and distal parts, 
as compared with the near location. In the ver- 
tical slit task, a significant (P < 0.001) effect of 
edonerpic maleate administration was found for 
recovery of both the success rate and the time to 
retrieval, throughout the rehabilitative training 
period (Fig. 4, J, K, and L; and figs. S15 and S16). 
The edonerpic maleate-administered monkeys 
frequently showed dexterous hand movements, 
including precision grip after the rehabilitative 
training period (Fig. 4M and movie S4). On the 
other hand, precision grip was rarely observed 
in the vehicle-administered monkeys after ICH 
(Fig. 4M and movie S4). 


Discussion 


Although medication during the acute phase of 
brain damage exhibits some effectiveness, there 
is no small compound-mediated intervention to 
enhance the effect of later rehabilitation after 
functional loss due to brain damage (38). Previous 
experiments have shown that motor cortical 
reorganization in the intact regions of a dam- 
aged brain is crucial for functional recovery 
(4, 6, 7, 29, 39, 40). Here, we found that edonerpic 
maleate, a CRMP2-binding compound, accelerates 
functional recovery after brain damage in a re- 
habilitative training-dependent manner, which 
induces functional motor cortical reorganiza- 
tion. Thus, edonerpic maleate could provide 
a pharmacological solution for unmet medical 
needs. Although many compounds exhibit some 
effectiveness on motor function recovery in 
rodents, most fail to prove their efficacy in 
primates. In this study, we proved the promi- 
nent effect of edonerpic maleate on training- 
dependent motor function recovery in primates. 
Thus, edonerpic maleate may be a strong can- 
didate for a small compound to accelerate re- 
habilitative training-dependent motor function 
recovery after brain damage, such as stroke, 
in humans. 

CRMP2 can bind to actin, and its regulator 
proteins, which is crucial for synaptic AMPAR 
delivery (20, 31, 41, 42). Among them, the ac- 
tivation of ADF/cofilin drives trafficking of 
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Fig. 4. Edonerpic maleate accelerates motor function recovery in 
nonhuman primates. (A) (Left) Simple reach-to-grasp task. (Right) 
Representative reaching and grasping for each location. (B) (Left middle) 
The vertical slit task. (Right) The finger-thumb grip in the vertical slit task 
before collagenase injection. (©) The fluid-attenuated inversion recovery 
images of MRI scanning (monkey D) 3 days after the collagenase injection 
into the right internal capsule. (D) Stroke volume of edonerpic maleate— 
or vehicle-administered monkeys. Each symbol indicates data from one 
monkey. There was no significant difference between the two groups 
(Mann-Whitney U-test, P = 0.90). (E) Experimental design. (F and G) Time 
course of the PS in the simple reach-to-grasp task. (H and I) Average PS in 
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the simple reach-to-grasp in the early (days 2 to 11) and in the late (days 30 to 
39) phase of the training period. (J) Time course of the PS for successful 
retrievals in the vertical slit task. (K) The average PS in the vertical slit task in 
the early and in the late phase of the training period. (L) The average PS for 
time to retrievals in the late phase of the training period of the vertical slit task. 
(M) Sequential captures of the late phase (day 32) of the training period. 
Edonerpic maleate—administered monkeys could perform the task smoothly 
without dropping the piece of apple (black arrowheads indicate the apple's 
positions.), whereas the vehicle-administered monkeys could not. Data were 
analyzed with two-way ANOVA [edonerpic-maleate, P < 0.0001; (F), (G), and 
(J)] and Mann-Whitney U-test [(H), (I), (K), and (L)]. *P < 0.05. 
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AMPAR into the spine surface under plasticity- 
inducing conditions (31). The activation of 
ADF/cofilin is involved in synaptic AMPAR traf- 
ficking in various genetic and environmental con- 
ditions (30, 32). We detected CRMP2-dependent 
activation of ADF/cofilin by edonerpic maleate 
in the plasticity-inducing condition. We also 
found that edonerpic CRMP2-induced activa- 
tion of ADF/cofilin mediates the facilitation of 
synaptic AMPAR trafficking. CRMP2 is required 
for the trafficking of N-type voltage-sensitive 
Ca?* channels (43). Thus, edonerpic-CRMP2 
interaction could facilitate synaptic AMPAR de- 
livery through the regulation of actin dynamics. 
In addition to actin dynamics, neuromodulatory 
systems such as dopaminergic and serotonergic 
inputs could regulate synaptic AMPAR traffick- 
ing (15, 44). It will be crucial to examine whether 
edonerpic-CRMP2 complex affects dopaminergic 
and serotonergic signaling. 

Although the decrease of lesion area in edo- 
nerpic maleate-treated monkeys during experiment 
tended to be smaller than that in vehicle-treated 
monkeys, we did not detect statistical significance 
(fig. S13D). We also did not find any difference of 
the change of lesion volume during experiments 
between edonerpic maleate-treated and vehicle- 
treated mice (fig. S8C). Further, the recovery of 
edonerpic maleate-treated mice with cryoinjury 
was blocked by the expression of GluA1-ct in the 
compensatory cortical area (Fig. 2H). Taken 
together, edonerpic maleate-mediated facilitation 
of motor function recovery after brain injury is 
primarily mediated by the augmented synaptic 
AMPA receptor delivery. It will also be crucial to 
further study whether edonerpic maleate promotes 
neuroregeneration. 

Although the affinity of edonerpic binding to 
CRMP2 was moderate (Ky = ~7.35 x 10 * M), we 
found that (i) a major band specific to the sample 
that was pulled down with edonerpic-conjugated 
beads from the lysate of mice cortical primary 
culture corresponded to CRMP2 (there existed a 
faint band near CRMP2-positive bands with the 
edonerpic beadspulled-down preparation from 
CRMP2-deficient mice; this could be due to other 
isoforms of CRMP family), (ii) edonerpic maleate 
decreased the monomer of CRMP2 in the cell- 
free condition, (iii) edonerpic maleate-induced 
activation of ADF/cofilin in the plasticity-induced 
condition was blocked in the absence of CRMP2, 
(iv) edonerpic maleate-induced facilitation of 
synaptic AMPAR delivery was abolished in CRMP2- 
deficient mice, (v) edonerpic maleate-induced 
facilitation of synaptic AMPAR delivery was 
blocked by knocking down the expression of 
CRMP2 with shRNA, and (vi) edonerpic maleate- 
induced acceleration of motor function recovery 
was prevented in CRMP2-deficient mice. CRMP2 
is an intracellular protein, and it is difficult to 
estimate the concentration of edonerpic maleate 
in the cortical neurons of treated animals. How- 
ever, the evidence presented here suggests that 
CRMP2 is a primary target of edonerpic maleate 
for the rehabilitative training-dependent accelera- 
tion of motor function recovery from traumatic 
brain injury. 
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The efficacy of edonerpic maleate in humans 
should be evaluated in clinical trials because 
safety profiles of this compound have already 
been well established in clinical phase I studies. 
For stroke recovery, engineering technologies 
for rehabilitation, such as brain machine in- 
terface and robotics, are expected to be prom- 
ising tools (45, 46). Other biological technologies, 
such as cell transplantation, may also be po- 
tential therapeutic alternatives, with distinct 
mechanisms from edonerpic maleate (47). Thus, 
the combination of these tools with the appli- 
cation of edonerpic maleate could induce syner- 
gistic effects and greatly increase the number 
of treatable patients with pathological brain 
damage. 
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NITROGEN CYCLE 


Convergent evidence for widespread 
rock nitrogen sources in Earth’s 
surface environment 


B. Z. Houlton,’*+ S. L. Morford,”?* R. A. Dahlgren’ 


Nitrogen availability is a pivotal control on terrestrial carbon sequestration and global 
climate change. Historical and contemporary views assume that nitrogen enters Earth’s 
land-surface ecosystems from the atmosphere. Here we demonstrate that bedrock 

is a nitrogen source that rivals atmospheric nitrogen inputs across major sectors 

of the global terrestrial environment. Evidence drawn from the planet’s nitrogen 
balance, geochemical proxies, and our spatial weathering model reveal that ~19 to 
31 teragrams of nitrogen are mobilized from near-surface rocks annually. About 11 to 
18 teragrams of this nitrogen are chemically weathered in situ, thereby increasing 
the unmanaged (preindustrial) terrestrial nitrogen balance from 8 to 26%. These 
findings provide a global perspective to reconcile Earth’s nitrogen budget, with 
implications for nutrient-driven controls over the terrestrial carbon sink. 


itrogen (N) availability controls many aspects 

of ecosystem structure and function on land 

and in the sea (J, 2). This includes strong, N- 

driven effects on Earth’s climate system and 

the size and sustainability of the terrestrial 
carbon (C) sink (3). Disagreements exist, however, 
over the biosphere’s N balance and how natural 
sources of N could alter terrestrial C uptake pat- 
terns in the future (4). Textbook paradigms and 
global computational models assume that eco- 
systems rely principally on the atmosphere for N 
(5), yet N accumulation rates in vegetation and 
soil can greatly exceed inputs from biological N 
fixation and N deposition (6). Recent evidence has 
raised questions about the role of rock N sources 
in resolving this discrepancy (7), with potentially 
widespread implications, given the massive amount 
of fixed N in the global rock reservoir (8, 9). 


We investigated rock N weathering rates in 
Earth’s surface environment, where terrestrial 
plants, soils, and microbes interact. Over billions 
of years of Earth history, N has accumulated in 
rocks, largely as a product of N fixation by aquat- 
ic and terrestrial organisms that becomes trapped 
in sedimentary basins; this N has been traced 
back to ancient biogeochemical processes, as op- 
posed to contemporary N fixation by free-living 
microbes and root-associated symbionts. The 
amount of N varies widely among general rock 
types; sedimentary and metasedimentary lithol- 
ogies occupying ~75% of Earth’s surface have 
concentrations of ~500 to 600 mg N kg‘ rock, 
whereas more spatially restricted igneous rocks 
often have much lower values (<100 mg N kg? 
rock) (9-11). Although N-rich sediments are glob- 
ally widespread, such rock N concentrations do 


Fig. 1. The preindustrial 
planetary nitrogen 
cycle. Fluxes (arrows) in 
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fixation estimates are from (4, 13, 36, 47); preindustrial nitrogen deposition is from (37); 
denitrification, hydrologic N transport, and marine burial are from (13, 16); N transport to the 
mantle and volcanic N emissions are from (14); and N mass reservoirs are from (8, 9). 
Section 1 of the supplementary materials provides further details. 
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not translate directly to N inputs in Earth’s sur- 
face environment. Rather, rock N availability to 
terrestrial soils and vegetation is determined by 
denudation (physical plus chemical weathering), 
which varies as a general function of geochemistry, 
relief, tectonic uplift, climate, and biology (2). 
Therefore, we examined the mobility and re- 
activity of rock N sources in Earth’s surface envi- 
ronment by means of three diverse and largely 
independent assessments: the planetary mass ba- 
lance of N (case 1); global-scale denudation and 
chemical weathering proxy data (case 2); and a 
spatially explicit N weathering model that uses a 
statistical probability approach (case 3) (table S1). 
When combined, these approaches enable us to 
identify a hitherto unrecognized source of rock N 
that is ecologically important across Earth’s di- 
verse environments and at the planetary scale. 


Rock N weathering and the missing N in 
the planetary balance (case 1) 


A classical approach for gaining insight into the 
magnitude of Earth’s biogeochemical transfers 
relies on the principle of mass and energy conser- 
vation. By accounting for N inputs and outputs 
among Earth system reservoirs, biogeochemists 
can draw coarse-scale inferences about N exchanges 
between the atmosphere, biosphere, hydrosphere, 
and geosphere, which can then be vetted against 
evidence from more direct approaches. Whereas 
traditional “box and arrow” models have empha- 
sized N transfers between land, air, and water sys- 
tems (73), recent quantitative advances in Earth 
system modeling point to sustained transport of 
sedimentary marine N through the deep Earth 
(i.e., the mantle) (74). Considering the geochemical 
and biological fluxes together illuminates a dis- 
crepancy in the planetary N balance, which can 
be resolved by considering the return of rock N to 
the land-surface environment (Fig. 1). 

Models of the planet’s N balance can be classed 
into two domains: (i) short-term models that em- 
phasize N transformations and fluxes between 
the atmosphere, biosphere, and human activities 
(73) and (ii) longer-term models that consider N 
exchange between the atmosphere and mantle 
(15). Short-term perspectives emphasize how at- 
mospheric N inputs are balanced by physical and 
microbial denitrification processes, which return 
N back to the atmosphere, and thereby ignore the 
return of N from rocks to land. Instead, these 
models treat marine sedimentary burial as a global 
N sink with an integrated flux of ~15 to 35 Tg 
N year! (13, 16). 

However, over the longer term, the amount of 
N entering marine sediments should reasonably 
balance the amount of N leaving this reservoir. 
Tectonic uplift forces sediments to Earth’s surface 
over millions of years, a mass-transfer flux that 
is ultimately balanced by denudation. A fraction 
(<10%) of sedimentary N enters the mantle, where 
it can be stored or returned to the atmosphere via 
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volcanic emissions [combined long-term aver- 
age, ~1.5 Tg N year | (J4)]. Hence, the evidence 
suggests that considerably more N is entering 
the rock N reservoir than can be accounted for 
by mantle exchange and volcanic emissions— 
what can explain this discrepancy? 

One possibility involves non-steady-state con- 
ditions, wherein N accumulates in crustal rock 
and the mantle indefinitely. A simple calculation 
shows that this explanation is improbable: The 
atmospheric N, reservoir would have completely 
vanished after <300 million years in this case 
(17). Although variations in N transfers over geo- 
logical epochs (e.g., the Deccan Traps) could alter 
this calculation, for much of the Phanerozoic eon, 
marine organic matter burial (and hence organic 
N burial) is estimated to have fluctuated by less 
than a factor of 2 (78); thus, long-term volcanic 
degassing and mantle advection fluxes would need 
to increase by a factor of 20 to 40 over modern 
rates to compensate for sedimentary N burial. Such 
increases are unlikely given that sustained volcanism 
of this magnitude would lead to mass extinctions 
on land and severe ocean acidification (19). 

Instead, the most parsimonious explanation 
centers on mass-balance closure in which the 
substantial transfer of N from rocks to the land 
surface is balanced by N burial rates in the sea- 
floor (Fig. 1). This alternative fits with evidence 
for a stable atmospheric N, reservoir over the 
Phanerozoic (2) and is aligned with Earth’s dy- 
namic rock cycle, whereby sediments are lithi- 
fied and tectonically uplifted to replenish losses 
from continental erosion (Fig. 1). Although hu- 
mans have both purposely and inadvertently 
increased the terrestrial biosphere’s N balance 
(13), this modern-day perturbation is insubstantial 
vis-a-vis the cumulative N cycle transfers that have 
taken place over Earth history. Thus, the planetary- 
scale mass balance points to a nontrivial N 
weathering term from the continental rock re- 
servoir of ~14 to 34 Tg N year’ (equation S2). 


Evidence for rock N denudation and 
weathering based on global 
proxies (case 2) 


The planet’s N inventory provides coarse-scale 
evidence for substantial N weathering reactions 
in Earth’s surface environment, but this approach 
is more impressionistic than direct. Likewise, our 
extensive sampling efforts (17) and other global- 
scale syntheses (9, 10) reveal widespread rock N 
sources in the near-surface environment (Fig. 2A); 
however, these results do not address global N 
weathering rates. We must place quantitative 
constraints on rock N denudation rates to draw 
more direct inferences about N chemical weather- 
ing inputs worldwide. This includes an analysis of 
the organic N that is bound in sedimentary rocks 
and the mineral N in silicates (largely as NH,"). 

We first consider global-scale constraints on 
organic N denudation rates (physical plus chem- 
ical weathering) in sedimentary rock by com- 
bining data on organic C denudation rates with 
the C:N stoichiometry of sedimentary rock (1D. 
Fossilized organic C denudation rates range 
between 100 and 143 Tg C year! (20) and show 
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good agreement with estimates of global C burial 
in marine sediments [126 to 170 Tg C year? 
(21-23)]. Dividing these fluxes by the average 
C:N ratio of sedimentary rock (8.13 by mass; sup- 
plementary materials) yields a N denudation 
flux between ~12 and 18 Tg N year’ and a marine 
burial rate of ~16 to 21 Tg N year‘ (Table 1). 
These global N denudation values agree reason- 
ably well with the planetary mass balance (dis- 
cussed above), despite the very different data and 
techniques used in each case (table S1). 

A second approach derives from basin-scale 
sediment and solute fluxes and cosmogenic radio- 
nuclide (CRN) denudation data, which collective- 
ly reflect the net movement of silicate rocks 
from the terrestrial to marine environment. This 


approach addresses the N in mineral form. Using 
sediment and solute budgets, Milliman and 
Farnsworth (24) estimate that ~23 Pg of total 
silicate-rock mass is delivered to the global oceans 
annually. Combined with endorheic basins (en- 
vironments not in contact with the ocean), the 
global land-to-sink mass flux of silicates is roughly 
28 Pg year’. Applying our global mean N lithology 
concentration of 337 mg N kg to the mass flux 
of silicates (supplementary materials) yields a N 
denudation flux of ~9 Tg N year”? (Table 1) for 
silicate-bound N. 

The results of this calculation are consist- 
ent with findings from catchment-scale CRN 
analysis, which suggest a global rock denudation 
flux of 28 Pg year”! (25); however, grid-scale biases 
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Fig. 2. Spatial patterns of rock N concentrations, weathering fluxes, and rock N contributions 
versus atmospheric sources of N. (A) Spatially explicit estimates of surface (top 1 m) rock 

N concentrations. (B) Nitrogen chemical weathering fluxes derived from our globally calibrated 
model. (C) Percent increase in the preindustrial terrestrial N balance with rock N inputs (i.e., rock 


N weathering divided by the sum of atmospheric N inputs). The model points to highest absolute (B) 


and relative (C) rock N input fluxes in mountainous regions and at higher latitudes. 
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Table 1. Estimates of global rock nitrogen reservoirs and fluxes. 


Fossilized organic 


Case 2 


Silicate solute and sediment 
yield 


matter 


Case 3 
Catchment-scale Global spatial 
CRN model 


N denudation (teragrams N per year) 
Terrestrial chemical weathering 
(teragrams N per year) 


*Range of organic nitrogen weathering. 


and extrapolation (26) of catchment-scale studies 
to Earth’s surface produce a broad range of esti- 
mates at the global scale (6 to 64 Pg year”’). On 
the basis of these end-members and the mean 
global N reservoir above, the silicate-rock N denu- 
dation flux may be as low as 2 and as high as 
22 Tg N year’. Importantly, such CRN-derived 
estimates do not consider the acceleration of 
erosion and denudation rates through modern 
land-use practices, which have increased erosion 
by a factor of 10 to 100 (27). 

The chemical weathering quotient of the total 
N denudation fluxes can be estimated from fos- 
silized organic matter (FOM) weathering and 
chemical depletion of silicates. Chemical weather- 
ing of FOM occurs more completely than for sil- 
icate minerals, because the former is susceptible 
to oxidation as opposed to kinetically constrained 
acid-hydrolysis reactions. Globally, chemical (oxi- 
dative) weathering of C in FOM varies between 40 
and 100 Tg C year’ (20), which translates to an 
organic N weathering flux of 5 to 12 Tg year” 
(Table 1 and supplementary materials). In con- 
trast, chemical weathering of silicate rocks is less 
certain; it varies across parent material, climate, 
relief, and biological communities. Chemical de- 
pletion of silicates in bulk rocks has been shown 
to vary from 10 to 16% (24, 28), which would im- 
ply a mineral N weathering flux between 0.2 and 
3.5 Tg year * [ie., the range of N denudation esti- 
mates (2 to 22 Tg N year’; Table 1) multiplied by 
0.1 to 0.16]. 

However, this lattermost calculation does not 
consider the differential chemical reactivity of 
elements in rock, which can be particularly rapid 
for certain rock-derived elements, including N 
(7, 29). For example, chemical depletion of parent 
materials varies from virtually nil (e.g., zirconium 
and titanium) to relatively rapid (e.g., calcium) in 
common rock substrates and is biased by the 
presence of quartz, which is highly resistant to 
chemical weathering. Application of data from 
our field studies (29) in rapidly denuding moun- 
tains of the northern California Coast Ranges 
demonstrates a N chemical depletion of ~36 to 
50%, which raises the silicate N weathering flux 
to 0.7 to 11 Tg N year’ (range of weathering for 
catchment-scale CRN; Table 1). 
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These diverse geochemical proxies point to 
a global N denudation flux (organic plus mineral 
N) that varies between 14 and 40 Tg year with 
a chemical N weathering fraction between ~6 
and 23 Tg N year’ (weathering range of FOM 
plus catchment-scale CRN; Table 1). These esti- 
mates confirm expectations from the planetary 
mass-balance results (case 1) and derive from 
actual proxies of physical and chemical weather- 
ing within a given set of assumptions; however, 
neither case 1 nor case 2 address spatial patterns 
and environmental controls on N weathering rates 
across Earth’s surface—issues that we addressed 
with our spatial global weathering model. 


A probabilistic modeling approach to N 
weathering inputs worldwide (case 3) 


We developed a data-driven modeling approach 
to spatially quantify global N weathering fluxes. 
Our model incorporates topographic, climato- 
logical, and lithological factors to estimate N de- 
nudation and chemical weathering rates, and it 
is calibrated using solute sodium (Na°) fluxes from 
106 large river basins across Earth (30). It differs 
from previous approaches in that we rely on 
machine-learning algorithms, quantile regression, 
and Monte Carlo simulations, as opposed to the 
more classical mean-field parameterization schemes. 
We applied our model at 1-km”-grid scales, using 
mass-balance equations developed at hillslope 
to small basin scales (37). The conservation-of- 
mass equations used in our model take the form 


Dyna = (Qp\(p (IN, Na)rock) () 


[Na] .oi1 
CDFy, = 1- ——* 2 
. [Na] rock ( 
Wya = (Dxya)(CDF na) (3) 
Wy = (Dx) fom-n\(CDForg-w) + 
(Dy) - fom-n)(CDF na) (4) 


where Dyna (mass x length x time‘) is the 
element-specific (N or Na*) denudation flux, 
Qp is the denudation rate (length x time”), p is 
rock density (mass x length~?), and [N, Nahrocx 
is the element-specific concentration in rock 


O.7-1+ 11-18 


Organic plus mineral nitrogen weathering from the spatial model. 


(mass x mass”). Chemical depletion of Na* from 
silicate rocks (CDFy,) is applied to both Na* and 
N weathering functions (section 3 of the supple- 
mentary materials). W (mass x length? x time) 
is the element-specific (N or Na*) chemical weather- 
ing flux, and foy-n (dimensionless) is the fraction 
of total rock N in organic forms. 

Briefly, our model relies on Monte Carlo methods 
to estimate probability values for Qp, [N,Na]rock, 
and CDFy,, with 10,000 simulations per param- 
eter per cell. We calibrated the model by minimiz- 
ing residuals between the modeled and empirically 
observed basin-scale Na* training set (Wya). We 
estimated denudation (Qp) by using a statistical 
model that incorporates catchment-scale CRN 
denudation rates (32) and digital topography. Rock 
N and Na’ concentrations ([N]rock and [Na]rock) 
were derived from our synthesis of measure- 
ments (11) and the U.S. Geological Survey geo- 
chemical database, respectively (33). We used 
a generalized additive model to estimate the 
chemical depletion fraction (CDFy,). The fac- 
tors in the model include topographic relief, 
evapotranspiration, and excess water (precipita- 
tion minus evapotranspiration) (supplementary 
materials). We parameterized the CDF model by 
using 41 separate observations of soil Na* de- 
pletion rates collected from the primary litera- 
ture (section 3 of the supplementary materials). 

These simplifying assumptions capture gener- 
alized patterns of chemical weathering rates as a 
function of climate and topographic relief, as 
calibrated with salt-corrected riverine Na” fluxes 
to the ocean (tables S5 and S6). The model’s 
reliance on soil-based chemical depletion rates 
is limited in low-relief landscapes, in areas where 
subwatershed measurements may be decoupled 
from larger-scale fluxes, and in recently degla- 
ciated terrains (28). Yet our simulations are con- 
sistent with general global observations of soil 
development and weathering patterns (figs. S3 
and S4) and the anticipated switch from supply- 
limited to transport-limited kinetics in chemical 
weathering that has been observed for high- 
relief landscapes (34). Further, total rock denu- 
dation rates predicted by our model (46 to 61 Pg 
year‘) fall within the range of previous studies 
[20 to 64 Pg year? (25)]. 
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At the global scale, our model simulates a 
large N denudation flux, consistent with cases 
1 and 2. Specifically, we estimate that ~19 to 
31 Tg N year is denuded from the land-surface 
environment, with a chemical weathering flux 
of 11 to 18 Tg N year” (Table 1 and Fig. 2B). 
These results suggest that ~40 to 60% of rock N 
is chemically released to the terrestrial surface 
environment before export, consistent with field 
studies of mineral N depletion rates in moun- 
tainous areas (29); that is, ~50% of rock nitrogen 
is lost to physical erosion without entering terres- 
trial ecosystem pools in situ. We do not consider 
the fate of such physically eroded N in downslope 
ecosystems, which would likely increase the global 
N weathering flux in low-relief environments. 

The scaled-up spatial N chemical weathering 
flux corresponds well with mean-field geochemical 
proxies (Table 1). Furthermore, our geospatial 
model indicates that as much as ~65% (7 to 12 Tg 
N year”) of the total rock N chemical flux is 
derived from organic N, similar to the FOM- 
based estimates (5 to 12 Tg N year’; Table 1). 
These results appear reasonable given our limited 
understanding of differences in weathering pro- 
cesses among FOM and silicate rocks. 

Across the land surface, rock N weathering 
is relatively widespread, with variations in N 
geochemistry, relief, and climate determining 
the magnitude of rock N inputs to terrestrial 
ecosystems (Fig. 2B). For example, large areas 
of Africa are devoid of N-rich bedrock and have 
relatively low relief and arid climate conditions, 
which together substantially limit N weathering 
fluxes. In contrast, some of the highest rock N 
inputs are estimated for the northern latitudes 
(Fig. 2B), where N-rich rocks and high-relief land- 
scapes are more prevalent. At regional scales, 
mountainous regions with high uplift and ade- 
quate moisture—for example, the Himalaya and 


Andes mountains—are estimated to be large sources 
of N weathering inputs to land-surface environ- 
ments, similar to the importance of these regions 
to global weathering rates and climate (35). 


Context and implications 


The body of evidence points to substantial rock N 
denudation and weathering rates at regional to 
global scales. Although each of our approaches is 
rooted in mass-balance principles, the diversity 
of techniques confers a reasonable degree of in- 
dependence among the case studies (table S1); 
this adds robustness to the working conclusion 
of widespread rock N inputs in terrestrial surface 
ecosystems. Our geospatial model provides the 
most direct and geographically rich set of predic- 
tions, with the global range in fluxes largely driv- 
en by the calibration approach (basin- versus 
global-scale; supplementary materials). Results 
from the other case studies overlap with the 
spatial model, and we make conservative assump- 
tions about rock N weathering rates in general 
(table S1). Future work could therefore cause 
the case studies to diverge, but with a tendency 
toward higher rather than lower overall rock N 
fluxes. We conclude that our findings extend pre- 
vious plot-scale evidence for rock N weathering 
inputs in select ecosystems to a global biogeo- 
chemical paradigm, and that they indicate con- 
siderable limitations in contemporary models, 
which exclude the role of rock N sources in 
governing global-scale patterns of terrestrial 
N availability. 

To further examine the importance of rock 
N weathering vis-a-vis the terrestrial N balance, 
we compare our geospatial model estimates with 
N fixation and deposition inputs to natural biomes 
(ie., nonagrarian areas; Fig. 2C and Table 2). Iso- 
topically constrained global terrestrial N fixa- 
tion varies from 58 to 100 Tg N year” (36), with 


N deposition rates in preindustrial and modern 
nonagrarian environments varying from 11 to be- 
tween 30 and 34 Tg N year, respectively (37, 38). 
Thus, although anthropogenic activities have 
dramatically increased global N inputs through 
deposition, nearly half of this input is in agri- 
cultural and urban landscapes where rock is not 
likely to be a substantial component of ecosystem 
N cycling (table S6). 

Our findings for rock N weathering rates 
increase the preindustrial terrestrial nitrogen 
budget by 8 to 26% (Table 2), with a modern-day 
rock N contribution to natural systems of 6 to 
17% of total N inputs. These calculations point to 
rock inputs increasing the mean (midpoint) global 
N budget by 17 and 11% for preindustrial and 
modern periods, respectively, with more pro- 
nounced effects at the biome and regional scales. 

Our results show that rock N inputs may be 
particularly important in montane ecosystems 
where denudation rates are rapid (Fig. 2C) and 
high-latitude ecosystems where high biological N 
fixation rates are temperature-limited (39). Spa- 
tially, our analysis suggests that rock N inputs 
can account for a substantial fraction of modern 
N inputs (including anthropogenic N deposition) 
to temperate and montane grasslands (8 to 32%), 
temperate and boreal forests (9 to 38%), tundra 
(23 to 51%), deserts (11 to 23%), and Mediterra- 
nean shrub- and woodlands (9 to 22%) (Table 2 
and table S6). In contrast, rock N inputs consti- 
tute a substantially smaller fraction of N inputs 
to tropical grasslands (2 to 8%) and tropical 
forests (4 to 12%), where weathering is supply- 
limited and N fixation rates are naturally high. 

Where N weathering occurs deep beneath 
the soil and regolith, some or all of the N may 
be released to groundwater and transported 
to fluvial systems (40-42). Under this scenario, 
the ability of terrestrial plant communities to use 


Table 2. External nitrogen inputs from rock and atmospheric sources (teragrams per year). Values in parentheses show the range of estimates, where 
available. Biome areas are from World Wildlife Fund ecoregions. Biome-specific N fixation estimates are from (4, 40, 47). Atmospheric N deposition is 
derived for 1860 (preindustrial) and 1993 from (37) and for 2001 from (38). Global-scale estimates (bottom row) include N inputs from sources above and 
estimates from (36). N inputs to modern agrarian lands are not considered in these calculations; table S7 shows the agrarian influence. 
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deeply weathered N is dependent on plant-root 
proliferation into the deep subsurface (ie., the 
depth of the critical zone). Woody plants can 
effectively penetrate deep regolith, with roots ex- 
tending tens of meters below the terrestrial sur- 
face, in environments ranging from deserts to 
rainforests (43). Inferential work has pointed to 
the high mobility of rock N in ecosystems, which 
can be depleted from minerals at rates that ex- 
ceed Na* and K* release from silicates (29). The 
role of microbes may be particularly important in 
this regard; so-called “rock-eating” fungi can ac- 
celerate weathering rates of minerals harboring 
biologically important nutrients, such as phos- 
phorus (P), K*, and Ca?* (44, 45). 

Lastly, the availability of N singly and in com- 
bination with P profoundly limits terrestrial C 
storage, with nontrivial effects on global climate 
change (4, 46). Our previous work demonstrated 
a doubling of ecosystem C storage among temper- 
ate conifer forests residing on N-rich bedrock (7). 
Our model indicates that rock N inputs could 
make up >29% of total N inputs to boreal forests, 
which could help to explain the high C uptake 
capacity observed for this biome and partially 
mitigate the mismatch of C and N budgets in 
Earth system models (3). Historically, weathering 
has been viewed as responsive to CO, enrich- 
ment and climate change over deep geological 
time (millions of years) (35). The direct connec- 
tions that we draw between tectonic uplift, N 
inputs, and weathering reactions therefore em- 
phasize a role for rock-derived nutrients in af- 
fecting the 21st-century C cycle and climate system. 
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Observation of fractional 
Chern insulators in a 
van der Waals heterostructure 


Eric M. Spanton,’* Alexander A. Zibrov,”* Haoxin Zhou,” Takashi Taniguchi,” 
Kenji Watanabe,” Michael P. Zaletel,* Andrea F. Young”+ 


Topologically ordered phases are characterized by long-range quantum entanglement and 
fractional statistics rather than by symmetry breaking. First observed in a fractionally filled 
continuum Landau level, topological order has since been proposed to arise more generally at 
fractional fillings of topologically nontrivial Chern bands. Here we report the observation of 
gapped states at fractional fillings of Harper-Hofstadter bands arising from the interplay of a 
magnetic field and a superlattice potential in a bilayer graphene—hexagonal boron nitride 
heterostructure. We observed phases at fractional filling of bands with Chern indices 

C =~-1, +2, and +3. Some of these phases, in C = -1 and C = 2 bands, are characterized by 
fractional Hall conductance—that is, they are known as fractional Chern insulators and 
constitute an example of topological order beyond Landau levels. 


ands in electronic systems can be classified 

by their symmetry and topology (J). In two 

dimensions with no symmetries beyond 

charge conservation, for example, bands 

are characterized by a topological Chern 
number, C (2). The Chern number determines 
the Hall conductance contributed by a filled band, 
which takes quantized integer values, on = i 
with t€Z (2) (here e is the charge of an electron, h 
is the Planck constant, and Z is the set of all 
integers). Systems with an integer number of 
filled bands with nonzero C (Chern bands) thus 
show a quantized, nonzero Hall conductance 
and are known as Chern insulators (CIs). The 
first experimental examples of CIs are the in- 
teger quantum Hall (IQH) states, which have 
been observed in isotropic two-dimensional 
electron systems subjected to a large magnetic 
field (3). In the case of IQH states, a quantized 
Hall conductance is observed when an integer 
number of Landau levels (LLs) are filled, each 
with C = 1. 

IQH systems are very nearly translation- 
invariant, in which case ¢ is fixed by the mag- 
netic field B and the electron density n, via 
— mh with some disorder required for the 
formation of plateaus in the Hall conductance 
(4). Recently, there has been interest in a dif- 
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ferent class of CIs for which continuous trans- 
lation invariance is strongly broken by a lattice, 
decoupling the Hall conductance from the mag- 
netic field. CIs in which ¢ is decoupled from § 
have been observed in magnetically doped thin 
films with strong spin-orbit interactions (5) and in 
the Harper-Hofstadter (2) bands of graphene sub- 
jected to a superlattice potential (6-8). Haldane’s 
staggered flux model (9), which has nonzero quan- 
tized Hall conductance even when the net mag- 
netic field is zero, has been engineered with 
ultracold atoms in an optical lattice (0). 

Interactions expand the topological classifica- 
tion of gapped states, allowing t to be quantized to 
a rational fraction. By Laughlin’s flux-threading 
argument, an insulator with ¢ = 5 (p,q € Z) 
must have a fractionalized excitation with charge 
c (11). A fractionally quantized Hall conductance 
in a bulk insulator is thus a smoking-gun signature 
of topological order, and fractional quantum Hall 
(FQH) effects have been observed in partially- 
filled continuum LLs in a variety of experimental 
systems (12-15). Can a fractional Chern insulator 
(FCI) arise from fractionally filling a more gen- 
eral Chern band (6)? Although a FQH effect in a 
LL may be considered a special case of an FCI, in 
this work we focus on FCIs that require a lattice 
for their existence. 

The phenomenology of lattice FCIs differs from 
that of continuum LLs. Chern bands withC # 1can 
arise, leading to different ground states than are 
allowed in C = 1 LL. In addition, unlike LLs, 
Chern bands generically have a finite, tunable 
bandwidth that competes with interactions, 
providing a new setting for the study of quantum 
phase transitions. Finally, FCIs might be found 
in experimental systems where Chern bands, 
but not LLs, are realizable. A large body of the- 


oretical work has begun to investigate these 
issues (17-24). 

Here we report the experimental discovery of 
FCls in a bilayer graphene (BLG) heterostructure 
at high magnetic fields. The requirements to 
realize an FCI in an experimental system are, 
first, the existence of a Chern band, and, second, 
electron-electron interactions strong enough to 
overcome both disorder and band dispersion. We 
satisfied these requirements by using a high- 
quality BLG heterostructure in which the bi- 
layer is encapsulated between hexagonal boron 
nitride (hBN) gate dielectrics and graphite top 
and bottom gates (Fig. 1, A and B). This geome- 
try was recently demonstrated to markedly de- 
crease disorder, permitting the observation of 
delicate FQH states (25). We generated Chern 
bands by close rotational alignment (~1°) be- 
tween the BLG and one of the two encapsulating 
hBN crystals. Beating between the mismatched 
crystal lattices leads to a long-wavelength (~10 nm) 
moiré pattern that the electrons in the closest layer 
experience as a periodic superlattice potential (Fig. 
1B) (26). At high magnetic fields, the single-particle 
spectrum of an electron in a periodic potential 
forms the Chern bands of the Hofstadter but- 
terfly (7-9). These bands are formally equivalent 
to Chern bands proposed to occur in zero mag- 
netic field; at any fractional flux, a finite-field 
lattice model can be converted to an equivalent 
zero-field model using gauge invariance (J6). 

We measured the penetration field capacitance 
(27) (Cp), which distinguishes between gapped 
(incompressible) and ungapped (compressible) 
states (26). Figure 1, C and D, shows Cp measured 
as a function of B and the electron density, n = 29 = 
cC(Y; + Up), Where Vv, and vp are the applied top and 
bottom gate voltages and c denotes the geo- 
metric capacitance to either of the two sym- 
metric gates. We used a perpendicular electric 
field, parameterized by po/c = VU; — Up (where 
Do is the electron density imbalance between 
layers in the absence of screening), to localize 
the charge carriers onto the layer with a super- 
lattice potential, e.g., adjacent to the aligned 
hBN flake. High-Cp features, corresponding to 
gapped electronic states, are evident through- 
out the experimentally accessed parameter space 
(Fig. 1, C and D), following linear trajectories in 
the nB plane. We estimated the area of the 
superlattice unit cell from zero-field capaci- 
tance data (26) and defined the electron den- 
sity n. = N./Ng and flux density no = No/Ns 
per unit cell. Here N., Ns, and N@ are the 
number of electrons, superlattice cells, and mag- 
netic flux quanta (®,) = h/e) in the sample, 
respectively. The trajectories are parameter- 
ized by their inverse slope ¢ and n-intercept s 
in the nB plane 


N. = tNo + SN, Ne = tne + § (1) 


The Streda (28) formula,t = 2" | Ng = 4 Ory, Shows 


a 
that the Hall conductance of a gapped phase is 
exactly ¢. The invariant s = one | Ne, &neodes the 
amount of charge “glued” to the unit cell; i.e., 
the charge that is transported if the lattice is dragged 


adiabatically (29). Nonzero s indicates that strong 
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Fig. 1. Magnetocapacitance in a high-quality BLG moiré superlattice 
device. (A) Optical micrograph of the device. Scale bar, 10 um. (B) Schematic 
of the device, with top and bottom graphite gates at potential v; and vp. A 
moiré potential is induced by alignment of the graphene bilayer with one of the 
encapsulating hBN crystals. (C) Penetration field capacitance (Cp) as a 
function of density ne ~ No = C(V; + Vp) and magnetic field B for no < O. T= 
300 mK, and Cre is a reference capacitance. A large electric field po/c = 

(Vi - Vp) = 16 V is applied to force the valence electrons onto the top layer, which 
is in contact with the aligned hBN. (D) Cp for no > O with vy; — vp = 16 V at 

T = 300 mK. (E and F) Linear gap trajectories observed in (C) and (D) 


lattice effects have decoupled the Hall conduct- 
ance from the electron density. Within band theory, 
the invariants of a gap arise from summing the 
invariants (Ad, As;) of the occupied bands, (t,s) = 
> (4¢;, As;)—in particular, the Hall conductance t 
Jeoce 
is the sum of the occupied band Chern indices, 
At; = Ce 
On the basis of the properties of t and s, we 
observed five classes of high-Cp trajectories, 
each of which corresponds to a distinct class 
of gapped state (Fig. 1, E and F). Free-fermion 
band gaps must have integer ¢ and s: Trajectories 
with s = 0 correspond to gaps between LLs, i.e., 
IQH states. Trajectories with sO indicate the 
formation of the non-LL Chern bands of the 
Hofstadter butterfly (6-8). Trajectories with frac- 
tional t or s are beyond the single-particle pic- 
ture and thus indicate interaction-driven gapped 
phases. The conventional FQH states follow tra- 
jectories with fractional t and s = 0. Gap tra- 
jectories with integer ¢ and fractional s [previously 
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0 0 


n, 


observed in monolayer graphene (30)] must be 
either topologically ordered or have interaction- 
driven spontaneous symmetry breaking of the 
superlattice symmetry. The theoretical analy- 
sis below suggests that the latter case is most 
likely, so we refer to this class as symmetry-broken 
Chern insulators (SBCIs). Finally, there are trajecto- 
ries with fractional ¢ and fractional s, which are 
the previously unreported class of topologically 
ordered FCI phases. 

To better understand states with fractional 
t or s, we first identified the single-particle 
Chern bands in our experimental data by iden- 
tifying all integer-t, integer-s gapped states. We 
focused on adjacent pairs of gapped states with 
integer (¢,, 5;) and (tp, Sp) (where L and R denote 
gapped states with lower and higher 7, respec- 
tively), which form the boundaries of a finite range 
of m. in which no other single-particle gapped 
states appear (Fig. 1G). Adding charge to the left 
gapped state corresponds to filling a Chern band 
with invariants (At, As) = (tg - t, Sg — S,). From 


} 
K/ | 


i a a 


n/c (V) 


IW 
Wea 


2 3 
n 


e 


parameterized by ng = t-n@ +S. Ng» and ne are the magnetic flux 

quanta and number of electrons per moiré unit cell, respectively. 

No= gue =1/2 (A, wavelength) when B = 24.3 Tandn,. = 1 when 

No/c = 3.1 V. Five trajectory classes are distinguished by color: Integer 
quantum Hall (gray; s = O, teZ), fractional quantum Hall (green; s = O, 

t fractional), Hofstadter Chern insulators (black; s,t¢Z,s#0), symmetry- 
broken Chern insulators (purple; fractional s, teZ), and fractional 
Chern insulators (cyan; fractional s, t). (G@) Schematic of a (At,As) 
Chern band (see text). 


this criterion, we detected a variety of Chern bands 
with At = +1, +2, +3, and +5 in the experimental 
data (26), each of which appears as a triangle 
between adjacent single-particle gapped states. 
These Chern bands are observed to obey certain 
rules expected from the Hofstadter problem: 
For example, At and As are always coprime, and 
Chern bands with At always emanate from a flux 
ng = p/At. 

Interaction-driven phases occur at fractional 
filling vc of a Chern band, following trajecto- 
Ties (ty, Sug) = (tL, SL) + Uc(At, As). The Chern 
numbers of the bands in which some of the 
observed interaction-driven phases appear (Fig. 2, 
A to C) are depicted schematically in Fig. 2, 
D to F. 

By combining a phenomenological descrip- 
tion of the moiré potential with knowledge of 
orbital symmetry breaking in BLG (31), we were 
able to construct a single-particle model that closely 
matches the majority of the experimentally ob- 
served single-particle Chern bands (25). The 
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Fig. 2. Interaction-driven states at partial Chern-band filling. (A to C) Details of Fig. 1, C and D, 
showing (A) FCI states in a At = —1 band, (B) SBCI states in a At = +3 band, and (C) FCI and SBC! 


states in At = 2 bands. (D) Schematic of (A). FCI states (black dotted lines) with (t, s) = (-13/3, 1/3), 
(-22/5, 2/5), (-23/5, 3/5), and (-14/3, 2/3) occur at fractional filling of a At = —1 band (light blue). FQH 
states (gray dotted lines) occur at fractional filling of a conventional LL (At = +1, green) at low fields. 

(E) Schematic of (B). SBCI states (dashed lines) at (t, s) = (O, 2/3) and (1, 1/3) occur at 1/3 and 2/3 
fractional filling of a At = 3 band (orange). (F) Schematic of (C). Both FCl and SBCI states (dotted and 


dashed lines, respectively) occur in the At = 2 bands. (G) Calculated Hofstadter energy spectrum 

(25) in the regime of (A), matching the observation that the LL splits into C = —1, 2 bands. 

(H) Calculated Hofstadter spectrum in the regime of (B), matching the observed splitting of aC = 3 band 
into C = 5, —2 bands. (I) Calculated Hofstadter spectrum in the regime of (C). The IQH gap at v = 2 
separates the two single-particle bands and is much larger than vy. 


calculated energy spectra of the bands relevant 
to Fig. 2, A to C, are shown in Fig. 2, G to I. As is 
clear from the band structure, stable phases at 
fractional vc are not expected within the single- 
particle picture: Instead, the encompassing Chern 
band splits indefinitely into finer Chern bands at 
lower levels of the fractal butterfly that depend 
sensitively on 2. 

The three columns of Fig. 2 represent instances 
of three general classes of fractional vc states ob- 
served in our experiment. Figure 2A shows two 
gapped states within a At = —1 band at vc = }and 3. 
These gapped states extend from 2 ®~=0.55 to at 
least 2m *0.8 (26). Both are characterized by 
fractional ¢ and s, and we identify them as FCI 
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states. As with FQH states, the fractionally quan- 
tized Hall conductance implies that the system 
has a charge e/3 excitation (11). The fractional s 
values of these states, being multiples of this 
fractional charge, do not require broken super- 
lattice symmetry. Gapped states at vc = 1/3, 2/3 
in a At = -1 band are accompanied by com- 
paratively weaker states at Uc = 2/5, 3/5 (Fig. 3B). 
These fillings match the odd-denominator com- 
posite fermion sequence observed for FQH states 
(Fig. 3C), in agreement with theoretical predic- 
tions (32). 

Figure 2 shows gapped states with fractional s 
and integer ¢ at vc = 1/3, 2/3 in a At = +3 band 
(Fig. 2B) and at vc = 1/2 in a At = +2 band (Fig. 
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113 215 3/5 2/3 B=12T 
s (ts) = 7 (-10/3,0) 
CF ost | (113.0), 
Ni, 
a 
oO 
053 28 26 2A 
n/c (V) 
B Vv 
0 1/3 2/5 _3/5 2/8 © 1 B=30T 
_ 98124373, 1/3) (-14/3,2/3) 
E ae 
oO 
ag 
oa 
©) (-22/5,2/5) 7 \(-23/5, 3/5) 
05°75 7 6.5 6 
ne (V) 
Cc Vo B=30T 
1/2 2/3 5/6 1,0 1/6 1/3 1/2 1 
0.6 i ad a a 
& 
oO 
ies, 
a 
Oo ost (4/3: 1/3) | | L-(es,-1/3) 
: (5/3, 1/6) (7/3,-1/6) 
3.5 4 4.5 
n/c (V) 


Fig. 3. Line cuts of Cp comparing FCI and 
FQH states. (A) Line cut of Cp versus No/c 
(bottom axis) and Chern band filling factor (Vc, 
top axis). The data are averaged over Po/c ~ 1.0 
to 4.0 V at B = 12 T, showing FQH states ina 
conventional LL. At low fields, the effective 
moiré potential is weak, and FQH states are 
observed at filling factors v — 4 = 1/3, 2/3 as 
well as 2/5, 3/5 of the At = +1 LL. (B) Line 

cut averaged over Po/c ~ 4.0 to 14.0 V at 

B = 30 T, showing FCI in the At = -1 band (also 
shown in Fig. 2A). Weaker features appear at 
Vo = 2/5, 3/5, similar to the composite fermion 
sequence in (A). (C) Line cut averaged over 
Po/c ~ -14.0 to 9.0 V at B = 30 T, showing FCI in 
two At = 2 bands (also shown in Fig. 2C). Blue 
and green values indicate the filling of two 
distinct bands. The relative strength of the 

Vc = 1/3 state compared to the vc = 1/6 state in 
the right At = 2 band is consistent with the 
former preserving the lattice symmetry. 


2C). Hunn a Chern-At band to a multiple of 
0c = Tal corresponds to integer ¢ but fractional s. 
These states are unlikely to admit a simple inter- 
pretation as FCIs; however, we cannot exclude 
exotic fractionalized states. Absent fractional ex- 
citations, a gapped state with fractional s = 7 im- 
plies broken superlattice symmetry: The unit cell 
of such a phase must contain an integral number 
of electrons, and the smallest such cell contains y 
superlattice sites. Theoretically, such symmetry 
breaking is expected to arise spontaneously as a 
result of electronic interactions, in a lattice analog 
of quantum Hall ferromagnetism (33). A At Chern 
band is similar to a At-component LL, but in 
contrast to an internal spin, translation acts by 
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cyclically permuting the components (33-35). 
Spontaneous polarization into one of these com- 
ponents thus leads to a ¢-fold increase of the unit 
cell (33). The observation of SBCIs is thus analogous 
to the observation of strong odd-integer IQHEs 
that break spin-rotational invariance. Some of the 
“fractional fractal” features recently described in 
monolayer graphene appear to be consistent with 
this explanation (30). 

Further, we also observed fractional-t states 
within a At = +2 band (Fig. 3C); for example, 
at Uc = 1/3 (t = 8/3 and s = -1/3) and vc = 1/6 
(t = 7/3 and s = -1/6). FCIs in Chern—Atz 
+1 bands can either preserve or break the under- 
lying lattice symmetry. Symmetry-preserving 
FCIs are expected (2/, 32, 36) at fillings vc = 
Wms for integers / and m. The state observed 
at Uc = 1/3 is consistent with this sequence (/ = 1, 
m = —1); in contrast, the weaker state at Uc = 1/6 
is not. For the vc = 1/6 state, the observed t = 7/3 
suggests a fundamental charge of e/3. As for 
SBCIs, the observed s = -1/6 implies that each 
unit cell binds only half a fundamental charge— 
ie., the moiré unit cell is doubled and the vce = 
1/6 state is a symmetry-broken FCI state. A At = 2 
Hofstadter band is similar to a spin-degenerate 
LL, with lattice symmetry taking the place of 
spin symmetry. In a spin-degenerate LL at vc = 
1/6 (i.e., LL filling vce = 1/3), the system spon- 
taneously spin polarizes, forming a single- 
component Laughlin state. In contrast, at vc = 
1/3 (Wc = 2/3) the system can either spin po- 
larize (observed only for large Zeeman energy) 
or form a multicomponent FQH state that pre- 
serves spin rotation symmetry. The absence of 
an obvious analog of the Zeeman effect in our 
Hofstadter band makes a multicomponent state 
a more likely candidate for the feature observed 
at Uc = 2/3. 

To assess the plausibility of FCI and SBCI 
ground states, we used the infinite density matrix 
renormalization group (i{DMRG) to numerically 
compute the many-body ground state within a 
minimal model of the BLG (37). We first con- 
sidered Coulomb interactions and a triangular 
moiré potential of amplitude Vj, projected into a 
BLG N = 0 LL (88), matching the parameter 
regime in Fig. 2A (26). We focused on 2@ = Fat 
a density corresponding to vg = 3 filling of the 
At = -1 band. 

If interactions are too weak compared with the 
periodic potential [as parameterized by V\/Ec, 
where Ec = e*/(efg) is the Coulomb energy, 


lp = Vais the magnetic length, ¢ is the dielec- 


tric constant, and / is the reduced Planck con- 
stant], the ground state at no =5 is gapless, 
corresponding to a partially filled Chern band. 
If the interactions are too strong, the system 
forms a Wigner crystal that is pinned by the moiré 
potential. In the intermediate regime, however, 
the numerical ground state of this model has a 
fractional ¢ and s that match the experiment and 
hence is an FCI, with entanglement signatures 
that indicate a Laughlin-type topological order 
(26). The FCI is stable across a range of Vy/Ec 
(Fig. 4A) corresponding to |Vj_|~14 — 38meV, 


Spanton et al., Science 360, 62-66 (2018) 


6 April 2018 


consistent with recent experiments (39) suggest- 
ing that |V\|~25meV. Figure 4B shows that the 
real-space density of an FCI is strongly modu- 
lated by the potential but preserves all the sym- 
metries of the superlattice. 
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Fig. 4. iDMRG calculations showing 

the stability of FCl and SBCI states. 

(A) Calculated iDMRG phase diagram at 

Vc = 1/3 filling of the At = —-1 band 

shown in Fig. 2, A, D, and G (n» = 2/3). 

Vu is the moiré potential amplitude, 

Ec is the Coulomb energy, and p(G) is the 
charge density at Bragg vector G. The 

FCI competes with two other phases: 

a charge density wave (CDW) at low Viy 

and a compressible phase at high Vy. The 
competing phases are diagnosed by 
symmetry-breaking density waves at wave 
vector G = Go/3 (red) and G = G)/2 (blue), 
where Go is a reciprocal vector of the 

moiré potential (25). (B) Calculated 
real-space electron density n(r) of the FCI 
found in (A). n(r) preserves the symmetry of 
the moiré potential, whose periodicity is 
indicated by the gray circles. Here Vy/Ec = 0.7. 
(C) Calculated real-space electron density n(n) 
atVc = filling of the At = 3 band shown in Fig. 2, 
B, E, and H (no = 3/8). The result is consistent 
with an SBCI phase; (t, s) = (-1, 2/3), and 

n(r) spontaneously triples the unit cell of the 
underlying moiré potential, indicated by gray 
circles. Here Viyv/Ec = 0.6 and Oy = 2/8. 


We next conduct iDMRG calculations to assess 
the plausibility of the SBCI hypothesis. We focus 
on the well-developed Chern-3 band of Fig. 2, B, E, 
and H. As a minimal model, we project the moiré 
and Coulomb interactions into the N = 1 LL of the 
BLG, fixing Vjy = 21 meV and E(B = 17T) = 35 meV, 
and take np = 2. 

At Uc = 3 filling, the electron density ex- 
hibits a modulation that spontaneously triples 
the superlattice unit cell (Fig. 4C). A similar 
tripling is observed at vc = 2. These are not 
merely density waves, however, as they have 
finite (¢, s) invariants, in agreement with experi- 
mental observations. 

The SBCI states are distinct from a second 
class of integer-t, fractional-s features, the moiré- 
pinned Wigner crystals (30, 40). In the latter case, 
starting from a LL-gap at ¢, s = ¢;, 0, additional 
electrons form a Wigner crystal pinned by the 
moiré potential; the added electrons are elec- 
trically inert, leading to a state att,s = t,, that 
cannot be ascribed to fixed vc of an encompass- 
ing band. These states are thus analogous to 
reentrant IQH effects, with the moiré potential 
playing the role of disorder. In contrast, although 
the electrons added to the SBCI spontaneously 
increase the unit cell, they also contribute an 
integer Hall conductance, which together cor- 
responds to some vc. 

In summary, we find that instead of a self- 
repeating fractal structure, interactions mix 
Hofstadter-band wave functions to form stable, 
interaction-driven states at fractional filling of a 
Chern band. Among these are both SBCIs and 
topologically ordered FCIs, the latter of which 
constitute a lattice analog of the FQH effect. 
Lattice engineering can lead to increased experi- 
mental control. For example, multicomponent 
FCI states in bands with higher Chern numbers— 
as may be responsible for the vc = 1/3 feature in 
Fig. 3C—have been predicted to host non-abelian 
defects at engineered lattice dislocations (34). A 
pressing experimental question, then, is whether 
FCI states can be realized in microscopically 
engineered superlattices. 
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SOLAR CELLS 


Light-induced lattice expansion leads 
to high-efficiency perovskite 


solar cells 


Hsinhan Tsai,” Reza Asadpour,” Jean-Christophe Blancon,' 

Constantinos C. Stoumpos,* Olivier Durand,* Joseph W. Strzalka,° Bo Chen,’ 

Rafael Verduzco,”’* Pulickel M. Ajayan,” Sergei Tretiak,° Jacky Even,” 

Muhammad Ashraf Alam,? Mercouri G. Kanatzidis,* Wanyi Nie,’* Aditya D. Mohite’®* 


Light-induced structural dynamics plays a vital role in the physical properties, device 
performance, and stability of hybrid perovskite—based optoelectronic devices. We report that 
continuous light illumination leads to a uniform lattice expansion in hybrid perovskite thin 
films, which is critical for obtaining high-efficiency photovoltaic devices. Correlated, in situ 
structural and device characterizations reveal that light-induced lattice expansion benefits the 
performances of a mixed-cation pure-halide planar device, boosting the power conversion 
efficiency from 18.5 to 20.5%. The lattice expansion leads to the relaxation of local lattice strain, 
which lowers the energetic barriers at the perovskite-contact interfaces, thus improving the 
open circuit voltage and fill factor. The light-induced lattice expansion did not compromise 

the stability of these high-efficiency photovoltaic devices under continuous operation at 
full-spectrum 1-sun (100 milliwatts per square centimeter) illumination for more than 1500 hours. 


ecent breakthroughs in the power conver- 

sion efficiency (PCE) of hybrid perovskites 

have been achieved by compositional engi- 

neering of the ABX; structure, where A and 

B are cations and X is an anion, in mixed- 
cation mixed-halide perovskites. This approach 
allows the formation of a stable cubic phase with 
suppressed nonradiative recombination for ex- 
ceptionally high open-circuit voltage (Voc) and 
short-circuit current density (Jgc) (1-5). Similar 
strategies were also applied by Snaith and co- 
workers to achieve a near-ideal band-gap mate- 
rial to create perovskite-perovskite tandem cells 
(6). Nonetheless, several recent reports (7-11) have 
led to the realization that dynamic light-induced 
structural changes play a vital role in the observed 
optoelectronic properties, performances, and long- 
term stability of devices. Charge-carrier recombi- 
nation can be altered by constant illumination, 
which was proposed to be closely linked with 
ionic movement, defect passivation, or local po- 
larization triggered by light (12-15). Local cation 
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rotation or structural dynamics under light ex- 
posure can affect photophysical and electronic 
properties of methylammonium lead triiodide 
(MAPDI;) (16-18). Wu and co-workers used ultra- 
fast electron diffraction on MAPDbI; thin films 
under illumination to experimentally elucidate 
the relationship between light-induced meth- 
ylammonium (MA) rotation and the dynamics 
of hot carriers (19). Also, Zhou et al. indirectly 
attributed the post-illumination changes in the 
lattice to the weakening of the hydrogen bonding 
between MA and iodide (20). 

Although these studies illustrate the impor- 
tance of understanding these changes in the 
structure under light soaking, a direct and cor- 
related in situ study monitoring the crystal struc- 
ture transformations and their implications for 
photovoltaic (PV) performance, without invok- 
ing ionic migration, is still lacking. Such a study 
is also critical for understanding the microscopic 
origin of several reported light-induced changes 
in devices, such as ion migration near the inter- 
faces, local polarization effects, and photoinduced 
degradation (21-25). Areas in need of research 
include mixed-cation halide perovskites, which 
offer the potential to approach the thermodynamic 
limit for a single-junction PV device with techno- 
logically relevant stability. 

We report that continuous light soaking using 
a standard 1-sun (100 mW/cm?”) source causes a 
large and uniform lattice expansion. In a stabi- 
lized mixed-cation pure-iodide system, the light- 
induced lattice expansion resulted in an increase 
in the average structural correlation length and 
relaxation of the local strain. Comprehensive de- 
vice characterization coupled with quantitative 
device modeling suggests that lattice expansion 
leads to two effects that improve the PCE: name- 
ly, reduction in the energetic barrier near the 


perovskite-contact interface and reduction in the 
nonradiative recombination, both in the bulk and 
in the interface. We observed a substantial im- 
provement, from 18.5 to 20.5%, in the average PCE 
of a planar solar cell with a structure of fluorine- 
doped tin oxide-lithium-doped nickel oxide- 
formamidinium (FA)p7MAo 25Cso,95PbI3-fullerene- 
aluminum, with stability exceeding 1500 hours. 

The FAy7MAp95Cso,95PbI3 perovskite thin films 
were fabricated by mixing the precursors at de- 
sired stoichiometric ratios and spin-coated by 
our recently developed hot-casting method (26, 27) 
(see the methods section in the supplementary ma- 
terials). Figure 1A shows the synchrotron grazing- 
incidence wide-angle x-ray scattering (GIWAXS) 
map (left panel) for the FAg 7MAo.25Cso,95PbI3 
perovskite and the line cut (right panel) taken 
from the GIWAXS map. The peaks were indexed 
based on the cubic phase of MAPbI; perovskites 
with larger lattice constants, indicating that FA 
was incorporated within the lattice forming the 
cubic structure (the supplementary text and fig. S1 
provide detailed analysis of GIWAXS for various 
compositions). Moreover, the addition of 5% Cs 
stabilized the cubic phase, which otherwise un- 
dergoes phase segregation (fig. $2), at room tem- 
perature (6, 28). The band gap shifted from 1.66 eV 
for the MAPDI, thin film to 1.56 eV for the mixed- 
cation pure-iodide thin film (fig. S3), reflecting 
the incorporation of FA (28, 29). 

To examine the structural transformation of 
the FAp7MAg»95CSo.o5PbI, thin films under con- 
stant illumination, we used in situ GIWAXS 
measurement under intermediate vacuum pres- 
sure (10 ° torr) at 25°C + 0.5°C with a controlled 
cooling stage (Fig. 1, A to E). Figure 1A (right 
panel) shows the line cuts obtained from in situ 
GIWAXS maps of thin films with increasing 
illumination times from 0 to 180 min measured 
at 10-min intervals. No splitting or new Bragg 
peaks emerged after 180 min of continuous illu- 
mination, implying the absence of phase segre- 
gation or degradation under continuous 1-sun 
illumination. However, all of the diffraction peaks 
uniformly shifted toward lower values of scat- 
tering vector q, corresponding to an isotropic 
increase in lattice constant d (lattice expansion) 
from 6.290 + 0.002 A to 6.330 + 0.004 A (Fig. 1B). 
This 1.4% change in the FAp,MAp 95Cso.95PbI3 
thin film was the same as the expansion seen in a 
complete PV device with contact layers (fig. S4). 
We also observed a similar response for pure 
MAPDI; thin films, which suggests that light- 
induced lattice expansion is a general property 
of hybrid perovskites (fig. $5). 

Even after the films rested in the dark, the 
lattice expansion persisted for 30 min before 
the lattice relaxed back to its original, pre-light 
exposure value (dashed lines in Fig. 1, A and C). 
We could exclude heat-induced lattice expansion 
because d remained unchanged after films were 
heated to 50°C (fig. S6). We also observed an in- 
crease in main-peak intensities associated with 
sharpening of the peak widths after illumination 
(Fig. 1C), suggesting improved crystallinity. Indeed, 
the full width at half maximum (FWHM) of the 
peak as a function of illumination time (Fig. 1D) 
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decreased rapidly in the first 20 min and then 
more slowly during the next 2 hours. To evaluate 
the crystallite size (the coherent domain size of 
diffraction) and strain distribution, we performed 
a detailed structural analysis using a line profile 
(integral breadths) analysis of all of the diffraction 
planes on the basis of the Halder-Wagner equa- 
tion (see the methods section in the supplemen- 
tary materials and Fig. 1E). The coherence length, 
which describes the average crystallite size, was 
obtained from the slope of the linear fit of the 
Halder-Wagner plot. After light soaking, we 
observed a reduction in the y intercepts and 
thus a decrease in the microstrains, along with a 
reduction in the slope that resulted from an in- 
crease in the average crystallite size. The decrease 
in microstrains along with the increase in the 
crystallite size after illumination is indicative of 
the relaxation of the local strain in hybrid perov- 
skites containing multiple cations. We propose a 
possible microscopic origin for the lattice expan- 
sion (Fig. 1F) as follows: The as-prepared thin 
film is strained because of the distorted nature of 
the lattice, which balances cations of different 
sizes. Upon illumination, it undergoes volumetric 
expansion in all directions. This process relaxes 
the local strain, reducing the mosaicity of the 
crystallites and sharpening the Bragg peaks. 

We rationalize that on the microscopic scale, 
illuminating the hybrid perovskite films with 
photon energies greater than the band gap de- 
velops electron-hole pairs in the material. The 
photogenerated electrons in the conduction band 
can populate bonding states, whereas holes in 
the valence band vacate antibonding states. Both 
processes can weaken covalent bonds and lead 
to either less-distorted Pb-I-Pb bonds or elon- 
gation of the Pb-I bonds, which causes lattice 
expansion. From the photoluminescence (PL) 
measurements of the mixed-cation perovskite 
thin films before and after illumination, the emis- 
sion peak undergoes a 5-meV red shift (fig. S10), 
which has been proposed for an enlarged unit 
cell caused by the increase of the Pb-I-Pb bond 
angle (30), whereas for Pb-I bond elongation, a blue 
shift should be expected (37). The lattice expansion 
observed did not originate exclusively from light- 
induced ion migration effects reported previously 
(21-23, 32). In fact, x-ray photoelectron spectroscopy 
(XPS) with depth profiling of mixed-cation thin 
films performed before and after illumination 
showed the absence of an ion migration mecha- 
nism (figs. S7 and S8). More precisely, change in the 
I/Pb chemical ratio after light illumination, a 
signature of the redistribution of the halide (iodide) 
(22), was absent in the FAg7MAo 95Cso95PbI3 mixed- 
cation system. 

Realizing that the reduced mosaicity and im- 
proved crystallinity (Fig. 1) may lead to highly 
efficient and reliable solar cells, we fabricated a 
set of planar PV devices with nickel oxide and 
fullerene as selective contacts on the hole and 
electron collector sides, respectively (see the 
methods section in the supplementary materials). 
We directly analyzed the effect of light-induced 
lattice expansion on the device behavior by in situ 
monitoring of the structure (through GIWAXS) 
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and PV figures of merit. We extracted the figures 
of merit from the current density-voltage (J-V) 
curve as a function of illumination time (Fig. 2A) 
and compared the change in those values with 
the change in the lattice constant (Fig. 2B). 
Figure 2A shows the time evolution of the Voc, the 
fill factor (FF), and the Jgc. We observed an in- 
crease in the Voc (Fig. 2A, top) from 0.73 to 0.9 Vin 
the first 20 min, and then the Voc gradually in- 
creased to 1.08 V during the next 120 min. The FF 
increased steadily from 60 to 74% with 2 hours of 
illumination, and the Jgc remained relatively 
unchanged. 

Correlating the changes in device parameters 
(AV/Vo and AFF/FFo, where AV and AFF are the 
change in V and the change in FF, respectively, 
and Vo, and FFo are the initial values before 
illumination) (Fig. 2A) with the lattice constant 
difference (Ad/d) obtained from GIWAXS map- 
ping (Fig. 1, A and B) as a function of illumination 
time (Fig. 2B) showed that the increase in the Voc 
and FF and the increase in the lattice constant 
were synchronized. After 120 min of light soaking, 
both the lattice expansion and the Voc and FF 
levels were saturated. Figure 2C illustrates the 
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typical dark (dashed lines) and light (solid lines) 
J-V curves measured before (blue) and after (red) 
120 min of light soaking. The peak efficiency 
occurred after 2 hours of illumination, when the 
Voc and FF reached their peak values. The ef- 
ficiency of our best device, with 0.35 cm? of active 
area, was 20.5%, with a Voc of 1.08 V, a Jgc of 
24.35 mA/cm?, and an FF of 76.6%, and the sta- 
tistical average efficiency (over 30 devices) was 
19.35% with negligible hysteresis (figs. S12 and 
S13). Figure 2D shows the corresponding external 
quantum efficiency (EQE) of a typical light-soaked 
device accompanied by an electroluminescence 
(EL) spectrum before and after light soaking. The 
EL spectrum showed a 10-meV red shift after 
light soaking. The red shift in the EL spectrum 
is twice that for PL (5 meV) after light soaking, 
implying that the influence of lattice expansion 
may be more magnified in a device configura- 
tion where the perovskite is interfaced with 
rigid contact materials. 

To understand the correlated improvement in 
the Voc and FF caused by light-induced lattice 
expansion, we conducted measurements in both 
thin-film and device structures. The PL intensity 
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Fig. 1. Light-induced lattice expansion and structural analyses. (A) A typical synchrotron diffraction 
pattern (left) and the line cut of GIWAXS maps (right) for FAg7MAo.25CSo.osPbl3 (cubic phase) thin 
films under various illumination times and the recovery spectra obtained after the films were kept in the 
dark for 30 min. qy, vector along in-plane direction, and q,, vector along out-of-plane direction in 
reciprocal space with respect to the substrate. (B) Lattice constant as a function of illumination 

time. Error bars indicate the error from peak fitting. (C) Peak change before and after 180 min of 
illumination and recovery in the dark. (D) Full width at half maximum (FWHM) for peak as a function of 
illumination time. (E) Linear fit of integral-breadth analysis using Halder-Wagner plots, where B is the 
integral breadth of the diffraction peak and S is defined as S = q/2n. (F) Schematic describing the crystal 
structure change before illumination (local distortion) and after illumination (lattice expansion). 
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in the bulk film after light soaking increased by 
roughly a factor of 2 (fig. S10), suggesting passi- 
vation of trap states in the film. The PL intensity 
offers information on the radiative recombination 
efficiency in the thin film, which is correlated to 
the intrinsic quasi-Fermi level splitting without con- 
sidering the contacts. However, such a small in- 
crease in the radiative efficiency corresponds to a 
gain of merely a few tens of millielectron volts in 
quasi-Fermi level splitting and does not account 
for the observed increase in Voc of >200 mV 
after light soaking. 

To understand the increase in the Voc, we 
investigated the variations in the charge collec- 
tion by performing a detailed analysis of the J-V 
curves coupled with a quantitative device model 
before and after illumination (Fig. 3, A and B; 
figs. S14 to S16; and tables S1 to $4). Examination 
of the slope of the J-V curves (obtained by taking 
the derivative of curves in Fig. 2C) as a function 
of applied voltage (Fig. 3A) revealed a slow rise 
near the low-field regime (0.5 to 0.7 V) before 
extended light soaking. The functional form 
converted to an S-shaped curve near the Vo¢, in- 
dicative of field-dependent charge collection. 
Such behavior is also reflected in the crossover 
observed near the low-field regime in the dark 
and light J-V curves before light soaking (Fig. 
2C). Both of these observations are signatures 


for the presence of an energetic barrier at the 
perovskite-contact interface in a p-i-n junction 
device (33, 34). 

Both the S-shaped curve and dark-light J-V 
crossing near the flat-band condition diminished 
after 2 hours of light soaking when lattice ex- 
pansion occurred. We simulated the dark and 
light J-V curves and calculated the energy-band 
dispersion with a quantitative device model 
(Fig. 3B, red and blue solid lines). A good fit to 
the experimental J-V curves was obtained only 
by including a band misalignment (Fig. 3B) at 
the perovskite-contact interface for the device 
before light soaking (figs. S14 to S16). The band 
misalignment translates to a barrier for electrons 
injected from the electron-transporting material 
and holes injected from the hole-transporting 
material near the flat-band condition. The photo- 
generated carriers lose their energy through re- 
combination, reducing the charge collection 
efficiency at low fields. 

We experimentally confirmed the presence of 
such an energetic barrier before light soaking 
and its removal thereafter by directly probing the 
flat-band voltage (Ve_arganp) of the PV device by 
measuring the amplitude of the electroabsorption 
(EA) signal at the band-edge energy (794 nm) as 
a function of applied direct current (DC) bias (Vpc) 
(Fig. 3C, the method section in the supplemen- 


tary materials, and fig. S17) (35). Briefly, the EA 
signal amplitude vanished at the absorber band 
edge once the applied bias compensated for the 
internal electric field when the device reached 
the flat-band condition. We observed a 200-mV 
increase in Vg_arpanp after illumination, a direct 
indication of the reduction of the barrier after 
long-term light soaking (or lattice expansion). 
This increase resulted in efficient charge collec- 
tion in the low-field (0.5 to 0.9 V) regime. The 
substantial reduction of the interfacial barrier 
was also consistent with the measured EL EQE 
(EQEg;) and the forward injection current (Jjy;) 
as a function of applied voltage before and after 
light soaking (Fig. 3D). The EQEg;, measured 
when the device was driven at low voltage in- 
creased by 100 times after extended illumina- 
tion. We attribute this increase to the reduced 
nonradiative recombination current and improved 
EL intensity. Before illumination, both the hole 
and the electron injection were mitigated by the 
barrier, which would be more pronounced at one 
of the contacts (Fig. 3B and fig. S16). This dif- 
ference resulted in a high recombination current 
at low voltage. 

Our experimental results presented in Fig. 2 
and 3 suggest that the effect of light-induced 
lattice expansion is directly reflected in PV operation 
through the improvement in the band alignment, 
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Fig. 2. Effect of light-induced lattice expansion on PV performance of 
FAg7MAo.25CSo,o5PbI3 thin films. (A) Solar cell figures of merit as a function 
of illumination time. Error bars indicate statistical variation over 30 devices. 
(B) Changes in Voc and FF (AV/Vp and AFF/FFo) correlated to the change 
in the lattice constant (Ad/do) as a function of light-soaking time, where 
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Fig. 3. Device and thin-film characteristics under constant illumination. 
(A) First-order derivative of the J-V curves (from Fig. 2C) before and after 

2 hours of light soaking. (B) Calculated band alignment from the charge density 
profile based on the J-V fitting before and after light soaking, along with 
schematics illustrating the charge collection and recombination processes at 
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Vo and FF, are the initial points before illumination. (C) J-V curves obtained 
in the dark and under AM1.5G (global standard spectrum air mass) solar 
simulator illumination. (D) EQE for a typical device and the corresponding EL 
spectrum for the same device before and after 120 min of illumination. 
Norm., normalized; a.u., arbitrary units; WL, wavelength. 
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the interface. (C) Device flat-band voltage (VeLateanp) before and after light 
soaking for 2 hours, obtained by measuring the EA magnitude change as a 
function of DC bias. AR/R, change in reflection (AR) normalized by the linear 
reflection. (D) EL characteristics for the same device before and after illumination, 
plotted as EQEe, (left) and current density Jiny (right) versus voltage. 
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Fig. 4. Photostability studies. Long-term photostability test under constant 1-sun (A) and 10-sun 
(B) illumination, carried out by monitoring the time evolution of device PCE and Jsc. 


which enhances the build-in voltage and sup- 
presses the interfacial nonradiative recombina- 
tion, as indicated by increases in the EL, the Voc, 
and the FF. However, the Jsc remains largely un- 
affected because of the presence of a large inter- 
nal field at short circuit, coupled with the long 
diffusion of mixed-cation perovskites (4, 6). These 
results also suggest that the influences of light- 
induced lattice expansion and strain relaxation 
are most magnified at one of the interfaces and 
facilitate the suppression of the energetic barrier. 

Interface modification after light soaking was 
previously observed in a MAPbI, system (22, 24, 36) 
and was attributed to the iodide migration toward 
the contact that effectively doped the interface. 
To exclude this possibility in our system, two 
experiments were designed: XPS depth profil- 
ing (experiment one) and a control experiment 
of applying a bias in the dark (experiment two). 
Experiment one directly probed the ion (Pb”* 
and I) distribution before and after illumina- 
tion. As no change in halide distribution occurred 
(fig. S7 and S8), we excluded halide redistribu- 
tion in the mixed-cation system, a conclusion 
that is further supported by PL map measure- 
ments (figs. S10 and S11). In experiment two, we 
monitored Voc and FF values for PV devices 
under constant bias in the dark to probe whether 
ion migration occurred under an applied electri- 
cal field. Given the data obtained (supplementary 
text and figs. S18 and S19), we did not observe any 
appreciable change in device performance after 
dark biasing with a constant current. These ex- 
perimental results are direct proof of lack of ion 
migration in the system and unambiguously de- 
monstrate that light-induced lattice expansion is 
the dominant mechanism responsible for lower- 
ing the interface barrier and improving the Voc 
and FF. The lack of evidence for ion migration in 
the mixed cation is also consistent with some 
recent studies (6, 28) in which no degradation 
was observed, suggesting that ion migration does 
not dominate the properties in these systems. How- 
ever, our observed mechanism can be correlated 
to the recently suggested local ionic movements 
activated by light (32, 36-39) and may provide 
insight into the structural origin for those observed 
phenomena. Moreover, lattice expansion-induced 
interfacial changes have also been observed in 
oxide perovskite interfaces (in SrTiO, and BiFeOs), 
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silicon-silicon dioxide interfaces (40), and other 
classical semiconductors. However, in contrast to 
most reports on superconductors [for example, 
(41)], our study describes a beneficial effect from 
the light-induced lattice expansion. 

Finally, we verified that the light-induced lat- 
tice expansion was not detrimental to device 
stability. We assessed our PV device under a wide 
range of operating conditions and external stresses 
(Fig. 4 and fig. S18). Figure 4 shows the long- 
term stability of encapsulated devices obtained 
by monitoring the PCE and Jgc under 1- and 10-sun 
illuminations (see the methods section in the 
supplementary materials). The PCE retained 85% 
of the peak value after 800 hours of continuous 
operation at the maximum power point. The Jgc 
did not undergo any observable photoinduced 
degradation during more than 1500 hours of 
continuous illumination. The drop in PCE results 
from a loss in FF, which we believe is consistent 
with the degradation of the Al contact and is a 
result of the fullerene-Al interface (3). 

We also performed aggressive stability tests 
under 10-sun solar intensities (Fig. 4B). In con- 
trast to MAPbIs-based devices, which degrade 
within 30 min, the FAg 7MAg 95Cso.95PbI devices 
maintained 95% of their efficiency for 300 min 
and then degraded to 80% over 600 min. The Jgc 
(Fig. 4B, bottom) maintained 96% of the original 
value even after 600 min of 10-sun illumination. 
We performed further stability tests by increasing 
the current injection in EL, the Jgc as a function 
of light intensity, and the time-dependent EQE 
(fig. S21 and supplementary text), which further 
demonstrated the technologically relevant dura- 
bility of mixed-cation pure-halide perovskites for 
low-cost, high-efficiency optoelectronic applica- 
tions. We believe that our results demonstrating 
light-induced lattice expansion independent of 
ion migration will motivate the exploration of 
new behaviors and structural phases in hybrid 
perovskites, analogous to those observed in com- 
plex oxides under nonequilibrium conditions and 
external stimuli. 
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Enzymatic construction of highly 
strained carbocycles 


Kai Chen, Xiongyi Huang, S. B. Jennifer Kan, Ruijie K. Zhang, Frances H. Arnold* 


Small carbocycles are structurally rigid and possess high intrinsic energy due to their ring 
strain. These features lead to broad applications but also create challenges for their 
construction. We report the engineering of hemeproteins that catalyze the formation of 
chiral bicyclobutanes, one of the most strained four-membered systems, via successive 
carbene addition to unsaturated carbon-carbon bonds. Enzymes that produce 
cyclopropenes, putative intermediates to the bicyclobutanes, were also identified. These 
genetically encoded proteins are readily optimized by directed evolution, function 

in Escherichia coli, and act on structurally diverse substrates with high efficiency and 
selectivity, providing an effective route to many chiral strained structures. This 
biotransformation is easily performed at preparative scale, and the resulting strained 
carbocycles can be derivatized, opening myriad potential applications. 


n cyclic organic molecules, ring strain arises 

from distortions of bond angle and bond length, 

steric clashes of nonbonded substituents, and 

other effects (7). The simplest carbocycles, cy- 

clopropanes and cyclobutanes, possess ring 
strains of 26 to 28 kcal/mol (2). Introducing carbon- 
carbon multiple bonds or bridges to these small 
ring systems induces additional strain as well as 
structural rigidity. For example, cyclopropenes 
with an endo-cyclic double bond bear a strain 
of 54 kcal/mol, whereas bicyclo[1.1.0]butanes, 
folded into puckered structures, distinguish them- 
selves as one of the most strained four-membered 
systems, with strain of ~66 kcal/mol (fig. S1) (2). 
These carbocycles are particularly attractive inter- 
mediates in chemical and materials synthesis, 
because they can undergo strain-release trans- 
formations to furnish a myriad of useful scaffolds 
(3-6). The structural rigidity imparted by strained 
rings in supramolecular materials can lead to in- 
teresting physical properties, such as mechanical 
stability (7) and high glass transition temperature 
(8). The intrinsic energy of these strained struc- 
tures can also be relieved in response to exog- 
enous force, which leads to radical changes in 
physical properties (e.g., conductivity), a feature 
highly desirable for stimulus-responsive materials 
(9, 10). 

High ring strain, however, greatly increases the 
difficulty of synthesis. A commonly used method 
for preparing bicyclobutanes starts from dibromo- 
2-(bromomethyl)cyclopropane substructures and 
uses organolithium reagents for lithium-halogen 
exchange, followed by nucleophilic substitution 
under rigorously anhydrous and cryogenic con- 
ditions (3). An alternative route relies on the 
double transfer of a carbene to alkynes, but the 
few examples in the literature are mostly limited 
to methylene carbene (17-13). Asymmetric bicy- 
clobutane construction is particularly challeng- 
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ing, with multiple chiral centers generated at the 
same time (/4, 15) (fig. $2). Cyclopropene syn- 
thesis through enantioselective single-carbene 
addition to alkynes also requires chiral transition 
metal catalysts based on rhodium (J6, 17), irid- 
jum (J8), and cobalt (79). Development of a sus- 
tainable catalytic system that performs with high 
efficiency and selectivity under ambient condi- 
tions would be a major advance for construction 
of these useful, highly strained carbocycles. 
Enzymes, the catalytic workhorses of biology, 
are capable of accelerating chemical transforma- 
tions by orders of magnitude while exhibiting 
exquisite control over selectivity (20). Although na- 
ture synthesizes various cyclopropane-containing 
products (27), cyclopropene or bicyclobutane frag- 
ments are extremely rare (fig. S3) (22, 23). This 
may be attributed to the lack of biological machin- 
ery for synthesizing these motifs and/or the in- 
stability of these structures under biological or 
natural product isolation/purification conditions. 
Nonetheless, we envisioned that existing enzymes 
could be repurposed to forge strained carbocycles 
by taking advantage of their catalytic promiscuity 
(24, 25) in the presence of non-natural substrates 
and by using directed evolution to optimize the ac- 
tivity and selectivity of these starting enzymes (26). 
In the past several years, we and others have 
engineered natural hemeproteins to catalyze re- 
actions not known in nature (27-32). We hypoth- 
esized that carbene transfer to triple bonds with 
a heme-dependent enzyme might afford highly 
strained cyclopropene and bicyclobutane struc- 
tures and might do so enantioselectively. We 
anticipated several challenges at the outset, es- 
pecially in chiral bicyclobutane formation, as it 
involves two sequential carbene additions to 
the alkyne substrate: (i) The enzyme would need 
to bind the alkyne in a specific conformation in 
order to transfer the carbene enantioselective- 
ly; (ii) the high-energy cyclopropene interme- 
diate generated by the first carbene addition 
would need to be accepted and stabilized by 
the protein; (iii) relative to methylene carbene 
used previously, a substituted carbene (e.g., with 


an ester group) might hinder access of the cyclo- 
propene to the iron-carbenoid; and (iv) the protein 
would also need to exert precise stereocontrol 
over the second carbene transfer step, regard- 
less of structural differences between the ini- 
tial alkyne and the cyclopropene intermediate. 
Despite these challenges, we decided to inves- 
tigate whether a starting enzyme with this unusual 
and non-natural activity could be identified, and 
whether its active site could be engineered to 
create a suitable environment for substrate bind- 
ing, intermediate stabilization, and selective pro- 
duct formation. 

We first tested whether free heme [with or 
without bovine serum albumin (BSA)], which 
is known to catalyze styrene cyclopropanation 
(27), could transfer carbene to an alkyne. Reac- 
tions using ethyl diazoacetate (EDA) and phenyl- 
acetylene (1a) as substrates in neutral buffer M9-N 
minimal medium, pH 7.4) at room temperature, 
however, gave no cyclopropene or bicyclobutane 
product. Next, a panel of hemeproteins—including 
variants of cytochrome P450, cytochrome P411 
(P450 with the axial cysteine ligand replaced by 
serine), cytochrome c, and globins in the form 
of E. coli whole-cell catalysts—were tested for the 
desired transformation under anaerobic conditions 
(32), but none were fruitful (Fig. 1C and table S1). 
Interestingly, a P411 variant obtained in a previous 
cyclopropanation study, P411-S1 1263W (see sup- 
plementary materials for sources, sequences, and 
mutations), afforded a furan product (3b) with 
a total turnover number (TTN) of 210. Because 
other furan analogs have been identified as ad- 
ducts of carbenes and alkynes (33), we were 
curious as to how furan 3b was generated. Pre- 
liminary kinetic study of the enzymatic reaction 
suggested that the enzyme first synthesized an 
unstable cyclopropene (3a), which subsequently 
rearranged to the furan either spontaneously or 
with assistance from the enzyme (Fig. 1B and fig. 
85). This result provided strong evidence that the 
P411 hemeprotein is capable of transferring a car- 
bene to an alkyne, which is, to our knowledge, an 
activity not previously reported for any protein 
or even any iron complex. 

To divert the enzymatic reaction to bicyclobu- 
tane formation, the enzyme would have to trans- 
fer a second carbene to cyclopropene intermediate 
8a before the cyclopropene rearranges to the 
undesired furan product (Fig. 1B). We thus tested 
P411 variants closely related to P411-S1 1263W. 
We reasoned that amino acid residue 263, which 
resides in the distal pocket above the heme co- 
factor, might modulate the rate of this step, and 
that the bulky tryptophan (Trp) side chain at this 
site may be blocking the second carbene transfer. 
A P411-S1 variant with phenylalanine (Phe) in- 
stead of Trp at this position (263F) in fact cata- 
lyzed bicyclobutane formation at a very low level 
(<5 TIN) (table S1). Variant P4 with three ad- 
ditional mutations relative to P411-S1 I263F (V87A, 
A268G, and A328V) (28) synthesized the desired 
bicyclobutane 2a with 80 TTN and with the for- 
mation of furan adduct substantially suppressed 
(2a:3b > 50:1; Fig. 1C). Another related P411 var- 
jant, E10 (= P4 A78V A82L F263L), which was 
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Fig. 1. Hemeprotein-catalyzed bicyclobutane formation. (A) Overall reaction of carbene transfer to an 
alkyne catalyzed by an engineered hemeprotein (Et, ethyl; Ph, phenyl). (B) Proposed catalytic cycle of carbene 
transfer to phenylacetylene to form cyclopropene and bicyclobutane structures. (©) Screening of hemin 

and hemeprotein catalysts for bicyclobutane formation (BSA, bovine serum albumin; WT, wild type; TDE, V75T 
M100D M103E; H* C400H). See supplementary materials for sources, sequences, and mutations in Bacillus 
megaterium P411-S1 and other proteins. (D) X-ray crystal structure of P411-E10 (PDB ID: 5UCW) (29) 
and view of its distal heme region. The P411 heme axial ligand is S400; amino acid residues Val”®, Leu*®?, 
Ser**8 are shown as sticks. (E) Directed evolution of P411-E10 for bicyclobutane formation [using 
phenylacetylene and EDA as substrates; numbers refer to total turnovers to product (TTN) measured]. 
Experiments were performed at analytical scale using suspensions of E. coli expressing P411-E10 variants 
[optical density at 600 nm (OD¢o00) = 10 to 30], 10 mM phenylacetylene, 10 mM EDA, 5 vol % EtOH, and 
M9-N buffer (pH 74) at room temperature under anaerobic conditions for 6 hours. Reactions were performed 
in quadruplicate. TTN refers to the total desired product, as quantified by gas chromatography (GC), divided 

by total hemeprotein. (Note: Because bicyclobutane formation requires two carbene transfers, the number 

of carbene transfers the hemeprotein catalyzes is 2 x TTN in these reactions.) See supplementary materials for 
further details of reaction conditions and data analysis. Single-letter amino acid abbreviations (here or in 

Fig. 3): A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; L, Leu; M, Met; P, Pro; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr. 


and 
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engineered from P4 for nitrene transfer reac- 
tions (29), catalyzed the desired transformation 
with a factor of >6 higher activity (530 TTN, Fig. 
1E). Nuclear magnetic resonance (NMR) analysis 
revealed an exo, endo-configuration of the enzy- 
matically produced bicyclobutane 2a, which is 
distinct from the only reported achiral endo, endo- 
isomer, made using an osmium-porphyrin com- 
plex (34, 35). We chose this P411-E10 variant as 
the starting template for directed evolution of an 
even more efficient bicyclobutane-constructing 
enzyme. 

Because the side chain of residue 263 influ- 
enced formation of the bicyclobutane product, 
we performed site-saturation mutagenesis (SSM) 
of variant E10 at position 263 and screened whole 
E. coli cells expressing the mutated proteins for 
improved production of bicyclobutane 2a. The 
enzyme having leucine at this position (263L) was 
the most active; other amino acid residues either 
lowered the reactivity toward bicyclobutane for- 
mation and/or delivered more furan product. In 
parallel, two additional residues in E10, Val’* and 
Ser8, were also targeted by SSM. Aromatic re- 
sidues were found to be activating at position 78, 
with a phenylalanine or tyrosine mutation giving 
a factor of 1.5 to 2 improvement over E10. This 
beneficial effect may stem from a 1-z stacking in- 
teraction between the side chain and the alkyne 
substrate or the cyclopropene intermediate. A 
single S438A mutation on a loop residing above 
the heme also increased the activity, giving a fac- 
tor of >2.5 increase in turnover. Finally, recombi- 
nation of V78F/Y and S438A mutations led to the 
discovery of even more powerful biocatalysts for 
bicyclobutane formation (e.g., 1880 TTN with E10 
V78F S438A) (Fig. 1E and fig. S9). 

With the evolved E10 V78F S438A variant in 
hand, we next assayed the bacterial catalyst against 
a panel of aromatic alkyne coupling partners. Bio- 
transformations with 10 different substrates were 
performed on a scale of 0.1 to 0.2 mmol. These 
preparative-scale reactions proceeded smoothly 
to furnish the corresponding bicyclobutanes with 
up to 1760 TIN and 80% yield (Fig. 2A). Addi- 
tionally, three alkynes, 1k, 11, and 1m, were trans- 
formed at mmol scale, and bicyclobutanes were 
isolated in hundred-milligram quantities, dem- 
onstrating that the biocatalytic transformation is 
readily scalable. Among the 13 different sub- 
strates, the engineered P411 hemeprotein did not 
exhibit strong preference toward specific elec- 
tronic or steric features. Electron-deficient halides 
(2b-2d), which can be used as prefunctionalities 
for further transformations, were accepted by 
the enzyme, as were electron-rich alkyl or alkoxyl 
groups (2e-2h and 2k) at the meta or para po- 
sition of the phenyl group. Even heterocyclic sub- 
strates such as thiophene (2j) served as suitable 
alkyne partners, albeit with lower reactivity. 

Free functionalities, including alcohols (2i and 
2m) and a second alkyne (2)), are well preserved, 
providing an additional opportunity for deriva- 
tization of these products. A terminal alkyne al- 
lows copper-catalyzed click chemistry, through 
which bicyclobutane 21 can be modified with a 
simple sulfonyl azide (4a) or even decorated with 
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Fig. 2. Scope of bicyclobutane 

formation and derivatization. 

A) Scope of P411-E10 V78F 
S438A-catalyzed bicyclobutane 

formation. Standard conditions of 
preparative-scale reactions (0.1- to 
0.2-mmol scale unless otherwise 

indicated): suspension of E. coli 

ODeoo0 = 15 to 20) expressing 

P411-E10 V78F S438A, 1.0 equiv 

aromatic alkyne, 2.0 to 4.0 equiv EDA, 

10 to 15 mM p-glucose, 1 to 5 vol % 

EtOH, and M9-N buffer (pH 7.4) at 

room temperature under anaerobic 
conditions for 12 hours. TTNs were 
determined on the basis of the 

isolated yields shown. (B) Derivatization 

of bicyclobutane products: (a) and 

(b), copper-catalyzed click cyclization 

of 21 with azide substrates (Ac, acetyl; CuTc, 
copper(l) thiophene-2-carboxylate; EDCI, 1- 
ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride); (c), esterification of 2m 

with Mosher’s acid; (d), reduction of 2k to 
diol with LiBH,. See supplementary materials 
for further details of reaction conditions 

and data analysis. 


biologically relevant fragments, such as a phenyl- 
alanine derivative (4b). An unprotected hydroxyl 
group could also offer the possibility of linkage to 
useful structures. Additionally, to probe the en- 
antiopurity of bicyclobutane products, we deriv- 
atized 21 and 2m with L-azido-phenylalanine 
and (R)-Mosher’s acid, respectively. The diaster- 
eomeric excess of these derivatized products would 
inform us of the enantiomeric ratio (e.r.) of the 
bicyclobutanes. In fact, we observed only one di- 
astereomer of derivatized bicyclobutanes 4b and 
4c by NMR. Furthermore, the dicarboxylic esters 
on the bicyclobutane structure can be reduced 
easily with a mild reducing reagent, LiBH,, to 
give diol product 4d with the strained ring struc- 
ture preserved. The diol product 4d allowed for 
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the unequivocal confirmation of the bicyclobu- 
tane structure and determination of the absolute 
configuration through x-ray crystallography. 

We next asked whether the enzyme could stop 
at the cyclopropene product if less reactive ali- 
phatic alkynes were used. To this end, we exam- 
ined enzyme variants from the P411-S1 lineage 
for cyclopropene formation, using phenylbutyne 
(5a) and EDA as starting reagents. We were en- 
couraged to see that P4 catalyzed the desired 
transformation with 260 TTN and 95.5:4.5 e.r. 
Further evolution was performed on P4 to im- 
prove its catalytic efficiency. We first targeted 
position 87, known for its importance to sub- 
strate recognition in P450-catalyzed oxidations 
(36). A87F (290 TIN, 3.0:97.0 e.r.) and A8S7W 


(240 TTN, 97.1:2.9 e.r.) were found to exert the 
opposite enantiopreference, suggesting that re- 
sidue 87 also controls substrate orientation for 
non-native carbene chemistry. Single- and double- 
site-saturation mutagenesis conducted sequen- 
tially on P4 A87F and P4 A87W improved both 
reactivity and selectivity (Fig. 3A and figs. S11 and 
$13). The final K10 and C6 variants performed 
with higher activity by a factor of >10 relative to 
the initial P4 variant and with excellent stereo- 
control (99.55:0.45 and 99.95:0.05 e.r., respectively). 

To evaluate the substrate range of the evolved 
P411 variants for cyclopropene construction, we 
focused on P411-C6 and examined structurally di- 
verse aliphatic alkynes. Enzymatic reactions with 
12 alkynes at preparative scale (up to 5.0 mmol) 
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Fig. 3. Engineering P411 enzymes for 
stereodivergent cyclopropene 

formation: Scope and derivatization. 

A) Evolutionary trajectory of 

P411-P4 variants for stereodivergent 
cyclopropenation of aliphatic alkynes. 

B) Scope of P411-C6-catalyzed 
cyclopropene formation. Standard 

conditions of preparative-scale reactions 
0.08- to 0.4-mmol scale): suspension 

of E. coli (ODgo0 = 10 to 32) expressing 
P411-C6 or K10, 1.0 equiv alkyne, 

1.0 to 4.0 equiv EDA (6.0 equiv for 5m), 

10 to 15 mM p-glucose, 1 to 5 vol % 

EtOH, and M9-N buffer (pH 7.4) at 

room temperature under anaerobic 
conditions for 12 hours (iPr, isopropyl). 

TTNs were determined on the basis 

of the isolated yields shown; e.r. values were 
determined by chiral high-performance 

liquid chromatography (HPLC). (C) Enzymatic 
cyclopropenation at mmol scale and 
derivatization of corresponding products: 

(a), copper-catalyzed addition to cyclopropene 
6a for synthesizing a multisubstituted 
cyclopropane; (b), Diels-Alder reaction 

of cyclopropene 6h with 2,3-diMe-buta-1,3- 
diene to form a fused-ring system. See 
supplementary materials for further details of 
reaction conditions and data analysis. 


afforded the desired cyclopropenes, with TTNs 
ranging from hundreds to thousands and good 
to excellent stereoselectivities (Fig. 3, B and C). 
Alkynes with a linear carbon chain (5b) or cyclic 
fragments (5g, 5h, and 5j) all served as good 
substrates. Different functional groups, includ- 
ing ether (5f, 5i, and 51), ester (5d), acetal (5e), 
chloride (5k), and free hydroxyl (5m), were well 
tolerated. Further optimization of reaction con- 
ditions with slow addition of EDA, for example, 
would likely improve the isolated yields, as we 
demonstrated for cyclopropene 6h (66% yield, 
Fig. 3B; 94% yield, Fig. 3C). 

Cyclopropenes are used as synthetic building 
blocks (4, 37), bio-orthogonal imaging precursors 
(38), and monomers in polymer synthesis (39). 
Our ability to construct these motifs using bac- 
teria at scale allows us to further explore their 
potential utility in diverse fields. We carried out 
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two simple transformations of cyclopropenes 
to build a multisubstituted cyclopropane 7a and 
a fused ring system, [4.1.0]heptene 7b (Fig. 
3C), both of which are substructures common 
in pharmaceutical candidates and bioactive 
natural products (27). 

Our results constitute a biocatalytic platform 
for the construction of highly strained bicyclo- 
butanes and cyclopropenes through directed evo- 
lution of a serine-ligated cytochrome P450 (P411) 
enzyme. That the protein could be quickly adapted 
to produce these highly strained structures (three 
to six rounds of mutagenesis and screening) high- 
lights the evolvability of the P411 scaffold and its 
potential to direct the construction of complex 
motifs. The protein enabled the desired trans- 
formations through activation of iron-carbenoid 
for carbene addition to alkynes, stabilization of 
the reactive cyclopropene intermediate (in bicy- 


Hy .CO,Et H 
J b) diMe-butadiene koe 
a 
(@) a 


6h, 2900 TTN H 
872 mg, 94% yield 


CO,Et 


7b, 98% yield 


clobutane formation), and precise stereocontrol 
of the carbene transfer processes. Biotransforma- 
tions with the evolved enzymes have a surpris- 
ingly broad substrate scope with high reactivity 
and selectivity, providing a route to more than 
25 products in preparative scale. This biocatalytic 
system grants facile access to versatile molecular 
architectures rarely seen in nature, expanding 
the set of chemical structures available to bio- 
logical systems. 
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Modular radical cross-coupling with 
sulfones enables access to sp°-rich 
(fluoro)alkylated scaffolds 


Rohan R. Merchant,’* Jacob T. Edwards,’ Tian Qin,’* Monika M. Kruszyk,* 
Cheng Bi,’ Guanda Che,” Deng-Hui Bao,” Wenhua Qiao,” Lijie Sun,” 
Michael R. Collins,? Olugbeminiyi O. Fadeyi,*} Gary M. Gallego,? James J. Mousseau,* 


Philippe Nuhant,* Phil S. Baran'+ 


Cross-coupling chemistry is widely applied to carbon-carbon bond formation in the 
synthesis of medicines, agrochemicals, and other functional materials. Recently, 
single-electron—induced variants of this reaction class have proven particularly useful in 
the formation of C(sp?)—C(sp°) linkages, although certain compound classes have remained a 
challenge. Here, we report the use of sulfones to activate the alkyl coupling partner in 
nickel-catalyzed radical cross-coupling with aryl zinc reagents. This method’s tolerance of 
fluoroalkyl substituents proved particularly advantageous for the streamlined preparation 
of pharmaceutically oriented fluorinated scaffolds that previously required multiple steps, 
toxic reagents, and nonmodular retrosynthetic blueprints. Five specific sulfone reagents 
facilitate the rapid assembly of a vast set of compounds, many of which contain challenging 


fluorination patterns. 


ross-coupling proceeding through a single- 

electron transfer pathway to forge new 

carbon-carbon (C-C) bonds is complemen- 

tary to the robust two-electron coupling 

paradigm of the venerable Heck, Suzuki, 
and Negishi reactions (7). In recent years, metal- 
catalyzed radical cross-coupling (RCC) has prov- 
en effective for forging bonds to sp?-hybridized 
secondary and tertiary carbon centers that re- 
main challenging for the more widely applied 
two-electron palladium (Pd) catalysis (2). To re- 
alize the full potential of RCC strategies, func- 
tional groups more versatile than alkyl halides 
(3-8) are needed to expand the range of com- 
patible coupling partners (Fig. 1A). In this regard, 
alkyl carboxylic acids (3, 4), alkylboron (5) and 
alkylsilicon (6) derivatives, olefins (7), alkyl pyr- 
idinium salts (derived from amines) (8), and 
alkyl dihydropyridines (9) have been identified 
as useful agents in RCC. Here, we show that 
readily available sulfones (specifically bearing 
the 1-phenyl-14-tetrazol-5-yl group) can be directly 
used as an orthogonal redox-active functional 
group for RCC-based synthesis. The sulfones pre- 
sent three specific advantages. First, they toler- 
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ate powerful anionic chemistry (a-alkylation 
and fluorination) for functional elaboration 
before the cross-coupling event (Fig. 1, A and B) 
(10, 11); second, when attached to unsaturated 
systems, they enable facile cycloadditions and 
Michael/Giese-type additions (12); and last, their 
stability and crystallinity allow for convenient 
manipulation. 

The literature is replete with examples of 
sulfones serving a variety of different roles in 
synthesis, from facilitating olefin formation and 
cycloadditions to their use in two-electron cross- 
couplings. In the latter regard, the independent 
work of the Crudden (13) and Li (/4) research 
groups has stood out for their use of benzylic 
phenyl sulfones in a variety of Pd- and nickel (Ni)- 
catalyzed desulfonylative cross-coupling meth- 
odologies. The first systematic study of the use of 
an unactivated alkyl sulfone for RCC emerged in 
2013 from the Denmark laboratory’s report of 
iron (Fe)-catalyzed Kumada cross-coupling to 
forge C(sp”)-C(sp?) bonds (15). These elegant 
studies pointed to the improvements needed for 
mainstream adoption of this chemistry. An ongoing 
medicinal chemistry project at Pfizer could have 
used this reaction, but the limited scope prevented 
its wide adoption [beyond the use of pheny]l- 
magnesium bromide (PhMgBr)]. Thus, first forays 
into this area centered on identifying a suitably 
substituted sulfone that would be susceptible to 
reduction under mild (for example, low-valent Ni) 
reaction conditions to generate an alkyl radical 
and unreactive sulfinate anion (4). We evaluated 
a variety of sulfones differing in relative reduc- 
tion potential, electronegativity, and size under 
Ni-catalyzed Negishi-type conditions (Fig. 1C). In 
the case of aryl sulfone 3a, used previously by 


Denmark, starting material was recovered with 
only traces of formation of the desired product 
5a; sulfones 3b to 3e performed similarly. A pri- 
mary breakthrough was the discovery that a 
redox-active phenyl-tetrazole (PT) sulfone 3f was 
distinctly capable of delivering the desired RCC 
product 5a (71% isolated yield). As outlined in 
tables S1 to S8, a variety of conditions were surveyed, 
and Ni proved an effective catalyst, whereas Fe 
did not; concurrent with our report, difluoro- 
methyl 2-pyridyl sulfone was found to be a com- 
petent coupling partner under Fe catalysis (16). 
The use of a bipyridine-type ligand was also 
imperative because performing the reaction 
in the absence of ligand resulted in exclusive 
formation of the biaryl by-product; without 
the Ni precatalyst and bipyridine ligand, no 
reaction occurred. 

From a pragmatic perspective, PT-sulfones can 
be easily derived from alcohols or alkyl halides by 
using Mitsunobu conditions or Sy2 displacement 
with inexpensive and odor-free thiol 6 followed 
by straightforward oxidation in order to produce 
stable products that are often crystalline (17). As 
shown below, the ability of PT-sulfones to enable 
modular synthesis strategies inspired the devel- 
opment of five reagents (two of which are new 
chemical entities). 

The robustness of the optimized reaction con- 
ditions for the desulfonylative RCC reaction is 
illustrated in the synthesis of more than 60 prod- 
ucts (Fig. 2, A to E). The scope of this meth- 
odology was initially evaluated with a variety 
of aryl zinc reagents (Fig. 2A). PT-sulfone 3f 
reacted with 13 different organozinc reagents 
to produce a series of arylated piperidine de- 
rivatives (5a and 12 to 23). Ortho-substituted 
arylzinc reagents could be used under the re- 
action conditions (17 and 18), and potential 
electrophilic coupling partners such as aryl 
chlorides were also tolerated on the arylzinc 
reagent (21). Both electron-rich and electron- 
deficient heterocyclic organozinc reagents proved 
competent coupling partners in this reaction 
manifold, as exemplified by indole 22 and pyri- 
dine 23. To assess the disclosed method relative 
to the prior state of the art in the cross-coupling 
of unactivated alkyl sulfones, we conducted 
a direct comparison of substrates (24 to 30) 
previously evaluated under Fe catalysis. The 
conditions reported here compared favor- 
ably in all cases to literature-reported yields 
and allowed access to compounds that were 
previously inaccessible via a desulfonylative 
cross-coupling route (15). Arylzine reagents 
can also be accessed through lithium-halogen 
exchange/transmetallation or magnesium (Mg)- 
halogen exchange/transmetallation and success- 
fully used under the reaction conditions in yields 
comparable with those of arylzinc reagents de- 
rived via Mg insertion (71 versus 66% isolated 
yield for 5a, for example). 

Desulfonylative RCC is demonstrated in Fig. 2B 
as a means to synthesize a broad range of com- 
pounds from 18 different readily accessible sul- 
fones. Primary (31 to 35, 47, and 50), secondary 
(acylic and cyclic; 36 to 46, 48, 49, 51, and 52), 
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and benzylic (47) arylated products could be 
accessed from the corresponding sulfone. Alkyl 
chlorides (35) were tolerated under the reaction 
conditions despite their propensity to engage in 
single-electron chemistry under Ni catalysis, es- 
tablishing the orthogonality of these two alkyl 
electrophiles. Moreover, desulfonylative RCC 
provides a straightforward means to access A- 
ring-modified steroids (49 and 52). As a tes- 
tament to the mild reaction conditions, Roche 
ester-derived 47 was successfully synthesized 
with no erosion of enantiomeric excess. Because 
of the well-studied reactivity of vinyl sulfones in 
cycloaddition chemistry, 7 was treated with cyclo- 
hexadiene in a Diels-Alder reaction and subse- 
quently cross-coupled to afford [2.2.2]-bicycle 
51. Compound 7 is known to react with dienes 
under mild and more selective conditions than 
those of acrylates or the corresponding phenyl 
vinyl sulfone (12). 

The primary advantage of this chemistry lies 
in its ability to simplify the retrosynthetic anal- 
ysis of complex sp*-rich organofluorine building 
blocks so that the C-C bond-forming disconnec- 
tion used is the same regardless of fluorine con- 
tent. Whereas methods to install fluoroalkyl groups 
via cross-coupling chemistry exist, they are limited 
by the lack of facile access to the corresponding 
fluoroalkyl electrophiles (a full listing is provided 
in fig. S24) (18-20). In the case of simple mono- 
fluoromethyl or difluoromethyl groups, many 
reagents are difficult to handle (for example, 
gaseous) or require additional steps to remove 
superfluous functionality (27). It is in this con- 
text that o-fluoroalkyl sulfones were evaluated; 
these are well regarded as stable reagents used 
in synthetic organic chemistry for a variety of 
applications (22), such as the installation of flu- 
oroalkenes from carbonyl-containing compounds 
(23) as well as reacting as radical precursors under 
photoinduced electron transfer conditions (24). 
Redox-active a-fluoro-PT-sulfones were thus in- 
vestigated in order to install fluorinated groups 
onto arenes by means of RCC (Fig. 2C). By using 
bathophenanthroline as the ligand with a 1:2 
ratio of Ni precatalyst to ligand, Negishi-type ar- 
ylation of mono- and difluorinated sulfones could 
be achieved. 

Fluoromethyl reagent 8 and difluoromethyl 
reagent 9 were prepared in a straightforward 
manner according to literature procedures from 
inexpensive CFH,Cl and CF,HCl, respectively (25). 
Difluoroethyl reagent 10 was accessed through 
anionic functionalization [deprotonation and 
quenching with N-fluorobenzenesulfonimide 
(NFSD] of the parent ethyl PT-sulfone. Using other 
corresponding alkyl radical precursors (alkyl 
halides, alkyl carboxylic acids, alkylboron and 
alkylsilicon derivatives, olefins, alkyl pyridinium 
salts, and alkyl dihydropyridines), this anionic 
manipulation would not be possible; thus, redox- 
active PT-sulfones offer a distinct advantage to 
more traditional alkyl electrophiles in that they 
engender a modular solution for the installation 
of monofluoro- and difluoroalkyl groups onto an 
aryl group from a single sulfone starting mate- 
rial. These reagents were successfully used to 
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access mono- and difluoroalkyl arenes (53 to 55, 
56-58, 59, and 60) and could be used to shorten 
synthetic routes to compounds found in the 
literature (55 and 58) (2/, 25). Although CH,F 
and CF,H moieties can be installed from the 
corresponding halides, such procedures are in- 
convenient because they often require an excess 
of gaseous reagents. The synthesis of additional 
tertiary fluorides (62 and 63) was similarly 
achieved, presenting a useful alternative to tradi- 
tional tertiary fluoride synthesis from the corre- 
sponding tertiary alcohol and treatment with 


diethylaminosulfur trifluoride (DAST; a highly 
toxic and dangerous reagent), a transforma- 
tion that often proceeds in low yield (26). A 
current limitation is that the trifluoromethyl 
group cannot be readily installed with this 
method (64). 

Reagents such as '7 and 11 open up distinct 
possibilities for stepwise, successive RCC chem- 
istry because the PT-sulfone is known to enhance 
the rate of Giese-type radical additions (72). A 
variety of olefin- and carboxylic acid-derived 
radicals could be smoothly intercepted with 
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a te ¢Cycloaddition 
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A=Cl, Br, x N versatile 
2 R? 1,OH R R —- +R synthetic 
R2 R2 intermediates 
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i = ne oP 
| [Fluorination]; US 
Z a [Cross-Coupling] FR aie 
i i 
la NCO, Pr 2a NCO,'Pr 
[modular] 
ie ~ [building block] 
Z (3 steps from 
3 isonipecotic acid) 
ae NCO, Pr 
RNS ae 
NCO,/Pr 
a 3 3 2b 2 


unsuitable for : 
anionic manipulations X = (pseudo)halide, 
(e.g. fluorination) pyridinium, RAE, olefin 


Cc 00 5 mol% 
al b F Ni(acac) 2°xH20, 
ae 7 5.5 mol% 2,2'bipy i 6 
TsN cizn THF/NMP, rt TsN _NPh 


3 4 (2.5 equiv.) 5a 5b 


OAC 


a: (nd)* 


NCO,/Pr 


[commercial] 
[white solid] 
[odor-free] 
< $175/mol 


3f: (71%!) 
(6%* 5b) 


3b: (nd)* F(nay* 3d: (nd)* —3e: (nd)* 


Fig. 1. Sulfone cross-coupling. (A) Alky! sulfone: Modular electrophile for radical cross-coupling. 
Alkyl sulfones represent a promising and underexplored functional group for one-electron 
cross-coupling processes because of their distinct reactivity. (B) Alkyl sulfones: Ideal building blocks 
afford modular approach to druglike compounds. Described is the potential to achieve modular 
synthesis of fluorine-containing C(sp*)-rich architectures. (C) Initial investigations and optimization: 
Sulfones as radical cross-coupling electrophiles. Described is the identification of a redox-active 
sulfone and conditions in order to achieve selective cross-coupling under Ni-catalysis. *Yields 
determined by !°F nuclear magnetic resonance (NMR) with 1-fluoronapthalene as an internal 
standard. tlsolated yield. 2,2’-bipy, 2,2’-bipyridine; THF, tetrahydrofuran; NMP, 1-methylpyrrolidin-2- 
one; nd, not detected with °F NMR. 


2 of 6 


8102 ‘g Judy uo /6i0 beweoualos eoualos//:dj]y wod} pepeojumMoqg 


RESEARCH | REPORT 


5 mol% Ni(acac)s°xH,O, 


NY Ph 5.5 mol% 2,2'bipy 
1 OSC UN os SS gy —_THFINMP, rt 
pet TY N | sR 
” A “eee Coupling] 


A 
R R=H; 12: (73%) 
R =F; 5a: (71%, 61%", 66%t+) 
R = CFs; 13: (58%) 
R = Me; 14: (58%t:4) 
TsN R = OMe; 15: (58%, 64%8) 2 = Me; 17: cr 
oe 


R = CH,OTBS; 16: (eon) aS one Te (esr 


ae 


19: (63%!!:, 35%#) ae 1 (54% *) 

eae came re 

TsN MeO ae 
22: (42%) (55%. tt.t4) Ce 


R =H; 25: (65%), [SO,Ph]: (7: a 


Me R = Me; 26: (67%), [SOPh]: (60%) 
R =F; 27: (64%), [SO.Ph]: (NR) 
R = CF.; 28: (49%), [SO2Ph]: (NR) 
R = CH,OTBS; 29: (47%), [SO2Ph]: (NR) 
MeO R R = OTBS; 30: (53%), [SO2Ph]: (NR) 


le 
R =F; 31: (67%) R = Ph; 33: (73%) 
R = OMe; 32: (57%) F 


= 
0 
La 
| 
n 


Ts 39: (51%!!.58) 


‘Oo TsN Ne 


40: (52%!!:1} H; 41: (53%ll: cS 6: (66%) v4, 0 
OMe ue et $8) e 

fast eau §$) 
4A: (68%!!88) 
5: (66%!/.88) 
M 


n 
n 
n 
n 
n 


47: (50%) 


H 
49: (53%), 4:1 dr 
OTBS 


from etiocholanolone 


48: (71%!) OTBS Me, 


OMe 


OMe 51: (58%), 3.5:1 dr 
Me from Diels-Alder 

50: (53%1, 99% ee) 
from Roche ester IE 


52: (51%), 4:1 dr 
from lithocholic acid 
Fig. 2. Scope of the Ni-catalyzed cross-coupling of redox-active 
PT-sulfones. Experimental details are provided in the supplementary materials. 
(A) Aryl zinc reagents. (B) Sulfones. (C) Alkylfluorine sulfones. (D) Successive 
coupling. (E) Mechanistic studies. *2.5 mmol scale. tArylzinc reagent 
prepared by means of lithium-halogen exchange with n-BuLi/transmetallation 
with ZnClo. £10 mole % (mol %) Ni(acac)2*xH20, 11% 2,2'-bipy. §0.5 mmol 
scale. ||60°C. 420 mol % Ni(acac)2*xH20, 22 mol % 2,2’-bipy, 

3.0 equivalent arylzinc reagent. #Arylzinc reagent prepared by means of 
magnesium-halogen exchange with /PrMgCl-LiCl/transmetallation with 
ZnClo. **Arylzinc reagent was prepared by using commercial solution of ZnCls 
in 2-MeTHF. +tN,N’-dimethylformamide (DMF) instead of NMP. 
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Step 
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Step 2; 76: (47%) MeO,C 


Step 1; 
77: (70%, RAE) 


MeO,C Step 2; 78: (62%) 


OTBS 


can Or Lot 


: (57%); cyclopropane  3.5:1 ( ee ‘ 2 (59%l!!:1, racemic) 
ring-opening : from linear sulfone a3 chiral sulfone 


£420 mol % Ni(acac)2*xH20, 40 mol % 2,2'-bipy, 3.0 equivalent arylzinc 
reagent. §§30 mol % Ni(acac)2*xH20, 33 mol % 2,2'-bipy, 4.0 equivalent 
arylzinc reagent. ||||30 mol % Ni(acac)z*xH20, 60 mol % bathophenanthroline, 
3.0 equivalent arylzinc reagent. 20 mol % Ni(acac)2*xH20, 40 mol % 
bathophenanthroline, 3.0 equivalent arylzinc reagent. ##10 equivalent 
Ni(acac)2*xH20, 1.1 equivalent bathophenanthroline, 6.0 equivalent arylzinc 
reagent. ***Experimental details and preparation are available in (27). 

t+ ttExperimental details are available in (28). rt, room temperature; 2,2’-bipy, 
2,2'-bipyridine; THF, tetrahydrofuran; NMP, 1-methylpyrrolidin-2-one; NR, no 
reaction; HAT, hydrogen atom transfer; A* activation with NHPI; RAE, 
redox-active ester; DMF, N,N-dimethylformamide. 
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Fig. 3. Simplification of synthesis using sulfone-cross-coupling 
logic. (A) Fluorinated bioisosteres: A simple, modular approach using 
bench-stable sulfones (8 to 10). (B) Redox-active sulfones for rapid, 
late-stage divergent analog access. (C) Fluorine embedded, successive 
radical cross-coupling. (D) Reimagining retrosynthesis in medicinal 
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chemistry: Simplified access to a popular set of alkyl- and alkyl-fluoro 
compounds. (E) Chemoselective, sequential C—C cross-coupling. 
Experimental details are provided in the supplementary materials. 
[DCC], decarboxylative cross-coupling; [SCC], desulfonylative 
cross-coupling; DBDMH, 1,3-dibromo-5,5-dimethylhydantoin. 
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7 or 11 followed by desulfonylative RCC in order 
to generate structures that in some cases would 
be challenging to otherwise procure (27, 28). For 
example, 66 is prepared in the literature by 
using an elegant deborylative cyclization (29); the 
current modular approach starts with commer- 
cial cyclohexenyl boronic ester followed by olefin 
RCC and then desulfonylative RCC. Similarly, 
quaternary-center-bearing substrates '72, 74, '76, 
and '78 are easily produced from either readily 
available acids or olefins through concurrent 
RCC chemistry, thus obviating the need for either 
deoxyfluorination or vexing cross-coupling chal- 
lenges. Last, the success of this process points to 
the orthogonality of redox-active PT-sulfones both 
in the context of reductive chemistry (olefin HAT 
and acid Giese) and known radical precursors 
(boronic esters). 

Mechanistically (fig. S9), alkyl radicals are 
posited intermediates under the reaction condi- 
tions, as evidenced by radical probe substrates 79 
(cyclopropane ring-opening), 80 (5-exo-trig cycli- 
zation), and 81 (racemic product from a chiral 
sulfone), as shown in Fig. 2E (30). 

In collaboration with Asymchem, 7, 8, 9, and 
10 have been prepared on a large scale (a graph- 
ical procedure is provided in the supplementary 
materials). 

As illustrated in Fig. 3, the strategic impact of 
this chemistry shines in the preparation of com- 
plex, medicinally oriented building blocks that 
contain varying levels of fluorination. Tradition- 
ally, retrosynthetic analysis of these targets has 
centered around the installation of the fluorine 
atom; carbonyl chemistry and deoxyfluorination 
are therefore of prime importance. Moreover, 
such routes typically rely on highly toxic and 
dangerous reagents (such as DAST). Shown in 
Fig. 3, A to D, are examples from modern me- 
dicinal chemistry where this challenge is viv- 
idly displayed and contrasted with an RCC 
approach. In such contexts, fluorine atoms are 
often incorporated into scaffolds so as to alter 
solubility, efficacy, or metabolic properties. The 
often empirical nature of structure-activity rela- 
tionships requires the targeting of multiple fluo- 
rinated variants as bioisosteric replacements (3D), 
and such case studies are widespread in the 
medicinal chemistry literature. For instance (Fig. 
3A), Schering scientists targeted building blocks 
83a and 83b, differing only in the substitution 
at a single carbon (containing one or two fluo- 
rine atoms) (32). To access these simple struc- 
tures, an eight-step sequence was devised from 
phenol 84; only two of these steps are strategic 
and produce C-C bonds. In contrast, acetal 82 
could be directly coupled with reagent 8, 9, or 10 
to deliver 83a and 83b and a new analog 83e 
after simple oxidation (the acetal is deprotected 
during the RCC workup with IM HCl), thus avoid- 
ing tin-based reagents, ozonolysis, and deoxy- 
fluorination steps. 

A case study from a recent Merck campaign 
demonstrates the power of a concurrent RCC 
strategy for modularly generating C(sp*)-rich 
scaffolds (Fig. 3B) such as 87a and 87b (33, 34). 
In the original preparation, the absence or pres- 
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ence of fluorine atoms dictates the starting ma- 
terials and methods used. In the preparation of 
the unfluorinated compound (five steps), an aryl 
aldehyde is used in concert with a Wittig re- 
action to forge the central C-C bond followed 
by hydrogenation to furnish 87a. To access the 
latter, fluorine-substituted analog (87b, eight 
steps), a different route is required because the 
difluorinated carbon must be installed via deoxy- 
fluorination of an aryl ketone, thus requiring a 
different starting material, protecting group swaps 
owing to harsh reagents (Boc — Cbz — Boc), 
thiols, and toxic HF. Using RCC-based logic, 
the same starting material can be used to make 
both 87a and 87b by using acid 85 (n = 1 CH2 
unit in the alkyl chain) in two successive RCC 
steps, the first of which uses the redox-active N- 
hydroxyphthalimide (NHPI) ester derived from 
the acid in a Giese-type addition to PT-sulfone re- 
agent 7 to yield 86. In the case of 87a, redox-active 
PT-sulfone 86 is directly subjected to RCC to fur- 
nish 87a, whereas for 87b, anionic a-fluorination 
followed by RCC delivers 87b. Both routes proceed 
in a fraction of the steps previously required and 
obviate the need for superfluous steps and/or 
toxic reagents. 

A recent (2017) patent from the Shanghai 
Institute of Organic Chemistry (Fig. 3C) serves as 
a good example for the advantage of using the 
redox-active PT-sulfone over an alkyl halide for 
achieving the modular synthesis of a simple flu- 
orinated scaffold (35). In the reported approach 
to 91 (six steps), an alkyl bromide is homologated 
with malonate and fluorinated with Selectfluor 
to produce a diester, which in turn undergoes 
decarboxylation and Hunsdiecker iodination to 
furnish a geminal-dihalide suitable for Ni-catalyzed 
Suzuki coupling. Alternatively, hydrocinnamic 
acid 92 could be homologated via the corre- 
sponding redox-active ester by using reagent 
11 through Giese addition followed by RCC in 
order to deliver 91 in only two steps. In such 
a case, the fluorine atom in 91 was handled 
from a planning perspective as though it were 
any other substituent (methyl, aryl, or hydro- 
gen), circumventing the fluorine-specific logic 
normally required. 

The fourth case study (Fig. 3D), drawn from 
the patent literature (Novartis), demonstrates the 
advantage of a modular approach that diverges 
from the same intermediate even when the over- 
all step count is similar (12). Targets 96a to 96c 
differ only in the presence or absence of benzylic 
fluorine atoms (0, 1, or 2), yet their preparation is 
guided not by the carbon skeleton (which com- 
prises >90% of the molecular weight of 96b and 
96c) but rather by fluorine atom incorporation. 
Whereas desfluoro analog 96a is prepared from 
acid 97 via a Heck/hydrogenation sequence, mono- 
and difluoro analogs 96b and 96c require a 
pyridine-based starting material (98), which 
must be saturated, converted to a Grignard re- 
agent, and added into an aryl subunit to afford 
a carbonyl group that serves as a gateway to 
introduce fluorine through deoxyfluorination. 
A very different blueprint emerges when using 
RCC. Thus, simple isonipecotic acid can be sub- 


jected to decarboxylative alkyl-alkyl RCC with an 
alkyl-chloride-bearing zinc reagent followed by 
Sy2 displacement with 6 and oxidation to afford 
95, from which 96a to 96¢ can all be accessed. 
Similarly, direct RCC, a-fluorination/RCC, or 
a-difluorination/RCC affords 96a, 96b, or 96c, 
respectively. Thus, the aforementioned case 
studies (Fig. 3, A to D) point to disconnection strat- 
egies that retain focus on the carbon skeleton 
during synthesis planning rather than allow- 
ing a single fluorine atom to completely alter the 
logic used. 

In a final demonstration of the potential of 
RCC in synthesis (Fig. 3E), lithocholic acid was 
converted to a compound containing both a 
redox-active ester and sulfone, and controlled 
sequential RCC was demonstrated. Decarbox- 
ylative cross-coupling (DCC) proceeded selec- 
tively to afford products of Suzuki arylation (101) 
(36), Negishi arylation (103) (37), alkylation 
(105) (38), alkenylation (107) (39), and alkynyl- 
ation (109 and 111) (40). Subsequently, those 
products underwent clean SCC arylation, de- 
livering an array of useful diversity (102, 104, 
106, 108, and 110). In the case of alkyne 111, a 
classic two-electron cross-coupling (Sonogashira) 
could be conducted in an orthogonal manner 
before the final SCC to deliver 112. Clearly, the 
choreography of both one- and two-electron- 
based cross-coupling protocols holds great po- 
tential not only for modular scaffold design but 
also for emerging programmed automated syn- 
thesis paradigms. Competition experiments sug- 
gest that the general order of reactivity in RCC 
chemistry correlates to the following qualitative 
trend: Cl/Br < SO.PT < NHPI/TCNHPI [experi- 
ments run under SCC conditions with primary 
alkyl systems (fig. S1)]. 

It is worth reflecting on the complementarity 
of the sulfone and decarboxylative cross-coupling 
processes. The decarboxylative manifold has a 
distinct advantage in that the starting materials 
are ubiquitous, whereas the sulfone system stands 
out on the basis of privileged reactivity preceding 
the cross-coupling event and circumvention of 
prefunctionalization steps (ester hydrolysis and/ 
or activation). Reagents 7 and 11, stable crystal- 
line solids, are illustrative of the practical ad- 
vantage of PT-sulfones over analogous carboxy 
congeners that are not only toxic but also highly 
volatile. For example, the carboxy analog of re- 
agent 8 (monofluoroacetic acid) is toxic, and the 
carboxy analog of reagent 9 does not current- 
ly participate in RCC. Anionic o-fluorination of 
esters is rare, and the common route to such 
a-substituted mono- and difluorinated systems 
involves o-oxidation and deoxyfluorination. In 
addition, crystalline and easily handled redox- 
active PT-sulfones can be used in concert with 
other single-electron and two-electron cross- 
coupling steps so as to enable another dimension 
of modular synthesis planning. Although there 
are some low-yielding substrates, most cross- 
couplings attempted reliably produced the de- 
sired cross-coupled product. The mass balance 
of reactions includes recovered starting material 
and biaryl products resulting from cleavage of 
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bond b (Fig. 1C). The safety profiles (thermal 
onset, friction, and shock sensitivity) of reagents 
8 and 9 have been evaluated (table S20) and 
were found to be nonhazardous. 
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Early emergence of cortical 
interneuron diversity in 


the mouse embryo 
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GABAergic interneurons (GABA, y-aminobutyric acid) regulate neural-circuit activity in the 
mammalian cerebral cortex. These cortical interneurons are structurally and functionally 
diverse. Here, we use single-cell transcriptomics to study the origins of this diversity in the 
mouse. We identify distinct types of progenitor cells and newborn neurons in the ganglionic 
eminences, the embryonic proliferative regions that give rise to cortical interneurons. These 
embryonic precursors show temporally and spatially restricted transcriptional patterns 
that lead to different classes of interneurons in the adult cerebral cortex. Our findings 
suggest that shortly after the interneurons become postmitotic, their diversity is already 
patent in their diverse transcriptional programs, which subsequently guide further 


differentiation in the developing cortex. 


he mammalian cerebral cortex contains 

more than two dozen GABAergic cell types 

(GABA, y-aminobutyric acid) with particu- 

lar morphological, electrophysiological, and 

molecular characteristics (J-3). Interneuron 
diversity has evolved to increase the repertoire of 
cortical computational motifs through a division 
of labor that allows individual classes of inter- 
neurons to control information flow in cortical 
circuits (4-6). Although a picture about cortical 
interneuron cell types is emerging (7, 8), the 
mechanisms that generate interneuron diversity 
remain controversial. One model proposes that 
interneurons acquire the potential to differenti- 
ate into a distinct subtype at the level of progen- 
itors or shortly after becoming postmitotic, before 
they migrate; the competing model postulates 
that interneuron identity is established relatively 
late in development, after they have migrated to 
their final location, through interactions with the 
cortical environment (9). 

To study cell diversity in the germinal regions 
of cortical interneurons (JO), we dissected tissue 
from three regions in the mouse subpallium, the 
dorsal and ventral medial ganglionic eminence 
(dMGE and vMGE, respectively) and the caudal 
ganglionic eminence (CGE), across two stages 
that coincide with the peak of neurogenesis for 
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cortical interneurons [embryonic (E) days 12.5 
and E14.5] (17) (Fig. 1A). We prepared single-cell 
suspensions and sequenced the transcriptome 
of individual cells, which, following quality con- 
trol (fig. S1, A to E), led to a final data set of 2003 
cells (fig. SIF), covering on average of about 3200 
genes per cell. We performed regression analysis 
on these cells to remove the influence of cell cycle- 
dependent genes in cell type identification (fig. S1G). 

We used principal components analysis (PCA) 
to identify the most prominent sources of vari- 
ation. We found that developmental stage and 
anatomical source contribute to cell segregation 
(Fig. 1, B and C, and figs. S2 and S3). To distin- 
guish between dividing and postmitotic cells, we 
conducted random forest (RF) feature selection 
and classification, starting with a list of estab- 
lished genes to sort cells into these categories 
(Fig. 1D). Subsequently, we reduced the dimen- 
sionality of our data using t-SNE (t-distributed 
stochastic neighbor embedding) to visualize the 
segregation of progenitor cells from neurons 
(figs. S4A and S5A). These analyses revealed gene 
expression patterns that distinguish progenitor 
cells and neurons at each developmental stage 
(figs. S4B and S5B). 

We took a semisupervised clustering approach 
to explore variation across all progenitor cells and 
identified progenitor clusters with characteristic 
regional and developmental patterns (fig. S6, A 
to D). This analysis revealed a prominent tempo- 
ral segregation of progenitor clusters (fig. S6, B 
and D), which suggests that progenitor cells in 
the ganglionic eminences (GE) may have a rapid 
turnover during embryonic development. To iden- 
tify distinctive features of E12.5 and E14.5 progen- 
itor cells, we further investigated progenitor cell 
diversity at each stage individually. We first used 
RF feature selection and classification, starting 
with a list of established genes to distinguish be- 
tween ventricular zone (VZ) radial glial cells and 


subventricular zone (SVZ) intermediate progen- 
itors (12, 13) (fig. S7A). We then carried out semi- 
supervised clustering and distinguished VZ and 
SVZ progenitor clusters at both developmental 
stages (Fig. 2A and fig. S7B), independent of their 
cell cycle state (fig. S8), and found characteris- 
tic patterns of gene expression (fig. S9). Cross- 
validation using MetaNeighbor (14) confirmed 
cluster robustness and identity (fig. SIOA). Many 
progenitor clusters found at E12.5 did not seem 
to have a direct transcriptional equivalent at 
E14.5 (fig. SIOB), which reinforces the notion 
that the GE contains highly dynamic pools of 
progenitor cells during development. 

Analysis of progenitor cell clusters confirmed 
that radial glial cells and intermediate progen- 
itors have distinct identities across different re- 
gions of the subpallium, with characteristic and 
often complementary expression of transcription 
factors (e.g., Nkx2-1 and Paxé in VZ, Lhx6 and 
Foxp2 in SVZ) (Fig. 2B and figs. S11 and $12). Al- 
though the molecular diversity of VZ cells was 
more limited than anticipated (15, 16), this anal- 
ysis revealed diversity among SVZ progenitors 
(Fig. 2B and figs. S11 to S14). Thus, based on 
transcriptomic signatures, the diversification of 
progenitor cells in the GE seems to emerge pri- 
marily within the highly neurogenic SVZ. 

We next turned our attention to the neurons 
that are being generated in the GE during this 
temporal window of high progenitor cell diversity. 
The MGE and CGE generate different groups of 
cortical interneurons (17-19). Most parvalbumin 
(PV)-expressing and somatostatin (SST)-expressing 
interneurons are born in the MGE, whereas the 
CGE is the origin of vasoactive intestinal peptide 
(VIP)-expressing interneurons and neurogliaform 
(NDNF*) cells (20). We took a completely unsu- 
pervised approach to explore the emergence of 
neuronal diversity in the GE. Unbiased cluster- 
ing of all neurons identified 13 groups of newborn 
neurons with distinctive gene expression profiles, 
as well as specific temporal and regional identities 
(figs. S15, A to D, and S16). This analysis revealed 
that regional identity segregates more clearly 
among E14.5 neuronal clusters (fig. S15C), which 
suggests that neurons become more transcrip- 
tionally heterogeneous over time. Similar results 
were obtained when neuronal clusters were iden- 
tified for both stages separately (fig. S17). 

GO (Gene Ontology) enrichment analysis re- 
vealed different states of maturation across neu- 
ronal clusters (fig. SI5E), which suggests that 
some aspects of this diversity might be linked 
to the differentiation of newborn neurons and 
not cell identity. Analysis of the expression of 
region- and cell type-specific genes revealed 
the emerging signature of the main groups of 
cortical interneurons (fig. SI5F). For example, 
clusters primarily populated by MGE-derived 
cells can be further segregated into those with 
features of SST* interneurons (N3 and N4) and 
those without (N1, N2, and N9), which presum- 
ably include neurons that will differentiate into 
PV* interneurons. The profile of emerging CGE- 
specific interneuron classes, such as those char- 
acterized by the expression of Meis2 (21), is also 
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Fig. 1. Major sources of transcriptional 
heterogeneity among single cells from 
mouse MGE and CGE. (A) Schematic 
illustrating sample collection, sequencing, 
and single-cell RNA-seq analysis workflow. 
Single cells from E12.5 and E14.5 dMGE, 
VMGE, and CGE were isolated and 
subjected to cDNA synthesis using a 
Fluidigm C1 system and RNA-seq. (B and 
C) Visualization of stage and region of 
origin variation in single cells using PCA. 
(D) RF classification of cells into progenitor 
or neuronal identity. The heat map 
illustrates expression of genes selected 

by RF analysis that best represent 
progenitor or neuronal identity. Colored 
bars above the heat map indicate cell 
identity, stage, and region of origin. 


delineated at this stage. This analysis also re- 
vealed that the CGE gives rise to neurons with 
molecular profile of SST* interneurons (N13), 
which reinforces the view that this anatomical 
region contains a molecularly heterogeneous 
pool of progenitor cells (75). 

The adult mouse cerebral cortex contains more 
than 20 distinct classes of interneurons with char- 
acteristic transcriptional profiles (7, 8). We asked 
whether any of these classes of interneurons would 
be identifiable shortly after becoming postmitotic 
in the GE. To this end, we used a publicly availa- 
ble single-cell RNA sequencing (RNA-seq) data 
set of 761 adult GABAergic interneurons from 
the adult mouse visual cortex (8) and identified 
highly variable genes in both adult and embry- 
onic data sets. We employed the resulting data 
set to identify the features that best represent 
each of the 23 interneuron cell types found in 
the adult mouse cortex (8). We then carried out 
RF feature selection and classification based 


Mi et al., Science 360, 81-85 (2018) 6 April 2018 


iS) 
204 
10/ 
of 
-104 


2,669 cells + Neg 
Quality 1 , PGl 
—> 2,003 cells -10 fe) 


control 10 20 
D 


NM ara Aer 


on those features to assign the identity of adult 
interneurons into distinct cell types. We were 
unable to identify all cell types originally de- 
scribed in the adult data set (8), which suggests 
a difference in transcriptomic and cell-type di- 
versity between embryo and adult. We then used 
the identified adult interneuron cell types to 
annotate the embryonic data set using the RF 
classification workflow and found six prospective 
interneuron subtypes among embryonic neurons 
(Fig. 3A and fig. S18). Cross-data set validation 
between the emerging embryonic subtypes and 
adult interneurons confirmed the robustness of 
these annotations (fig. S19). 

We used a second, independent approach to 
assign embryonic neurons to adult interneuron 
subtypes. In brief, we conducted canonical cor- 
relation analysis (CCA) to identify the sources 
of variation that are shared between embryonic 
and adult neurons. To this end, we first reduced 
the dimensionality of both data sets onto the 
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same two-dimensional space using t-SNE, which 
allowed the identification of 11 clusters of adult 
interneurons based on the expression of variable 
genes shared between both data sets (Fig. 3B). 
These groups correspond to anatomically and 
electrophysiologically defined classes of corti- 
cal interneurons, including several types of PV~ 
basket cells, SST” Martinotti and non-Martinotti 
cells, VIP* basket and bipolar interneurons, and 
neurogliaform cells (8, 22). We then assigned 
prospective identities to embryonic neurons 
based on transcriptional similarity with adult 
interneurons. This analysis provided evidence 
for early cell type differentiation: All 11 classes 
of cortical interneurons were identified among 
embryonic neurons (Fig. 3C), which exhibit char- 
acteristic patterns of gene expression (Fig. 3D 
and fig. S20) and robustness in cross-validation 
analyses (fig. S21). Comparison between the two 
independent approaches identified eight con- 
served interneuron subtypes among the assigned 
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Fig. 2. Characterization of progenitor cell types in the embryonic 
germinal zones. (A) Visualization of progenitor cell diversity by t-SNE. 
Histograms illustrate the relative contribution of dMGE, vMGE, and CGE 


embryonic neurons (Fig. 3E). Analysis of the con- 
tribution of E12.5 and E14.5 neurons to these 
identities revealed timing biases for the genera- 
tion or maturation of some interneuron subtypes 
(Fig. 3F and fig. S22). Altogether, these results 
strongly suggested that interneurons exhibit a 
great diversity of transcriptional signatures short- 
ly after becoming postmitotic in the GE. 

We hypothesized that the patterns of gene 
expression identified in progenitor cells and 
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newborn neurons delineate specific lineages of 
cortical interneurons. To investigate this idea, 
we limited our analysis to embryonic neurons 
that were assigned to the same subtype iden- 
tity by both RF and CCA methods, which we 
named “consensus” neurons and which belong 
to three interneuron subtypes: PV1, SST1, and 
SST2. We conducted MetaNeighbor analysis to 
identify possible links between progenitor cell 
clusters and consensus neurons. This analysis 


cells to each progenitor cluster. (B) Violin plots depict the expression 
of marker genes that distinguish VZ/SVZ identities and patterning 
information in progenitor clusters. 


revealed putative SST* and PV" progenitor cell 
clusters at E12.5 and E14.5 (Fig. 4A and fig. $23). 
We then carried out differential gene expression 
between E12.5 progenitor clusters P5 and P7 
(Fig. 4B), which exhibited the highest associa- 
tion with PV1 and SST1, respectively (Fig. 4A). 
We found early PV (Cend2 and St18) and SST 
(Ephas, Cdk14, and Maf) markers in these pro- 
genitor pools (Fig. 4, C and D), which are sub- 
sequently maintained in specific subtypes of 
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Fig. 3. Emergence of cortical interneuron diversity in the ganglionic 
eminences. (A) Heat map showing average expression of differentially 
expressed (DE) genes among six classes of interneurons identified by RF 
classification of embryonic neurons. (B) Integration of embryonic 
neurons and adult cortical interneurons in t-SNE space following 
canonical correlation analysis (CCA). (C) Embryonic neurons assigned 
to specific interneuron lineages by k-nearest neighbor (KNN) analysis are 
depicted in the same t-SNE space. Unassigned embryonic neurons are 
omitted. (D) Heat map illustrating the expression of DE genes among 


the 11 classes of interneurons identified by CCA. (E) Heat map of 

mean AUROC (area under the receiver operating characteristic curve) 
scores for assigned interneuron cell types using the two independent 
approaches (RF and CCA). AUROC scores of eight conserved interneuron 
subtypes: PVlpe-PVleca = 0.95; PVIpr-PV3cca = 0.90; PV1gr-PV4cca = 
0.90; SSTlpe-SSTleca = 1 SST2p¢-SST2cca = 0.95; VIP2p-VIP2cca = 
0.90; VIP2e¢-VIP3cca = 0.85; NDNFlpe-NDNFleca = 0.7. (F) Histogram 
illustrating the relative contribution of E12.5 and E14.5 neurons to 
conserved interneuron subtypes. 


newborn interneurons (Fig. 3, A and D). To val- 
idate these observations, we investigated the 
function of Maf in the delineation of MGE in- 
terneuron lineages. We infected progenitor cells 
in Nkx2-1-Cre embryos with conditional retro- 
viruses expressing Cre-dependent control or Maf 
vectors during the period of SST* interneuron 
production (E12.5) (23) and explored the identity 
of labeled interneurons in the cortex of young 
adult mice (Fig. 4E and fig. S24, A and B). We 
found that widespread expression of Maf in 
MGE progenitors increases the relative propor- 
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tion of SST* interneurons at the expense of PV* 
cells (Fig. 4F and fig. S24C). Conversely, condi- 
tional loss of Maf from MGE progenitor cells 
decreases the density of cortical SST* inter- 
neurons (Fig. 4, G and H). We also observed that 
overexpression of Maf at the peak of PV neuro- 
genesis (E14.5) (23) represses PV* interneuron 
fates (fig. S24, D and E). Altogether, these results 
indicated that Maf regulates the potential of in- 
terneurons to acquire SST* interneuron identity. 

Our study reveals that GABAergic interneurons 
have a propensity toward a defined fate long 


before they occupy their final position in the 
cerebral cortex during early postnatal develop- 
ment. This suggests that interneuron diversity 
does not emerge in response to activity-dependent 
mechanisms in the cortex (J, 9) but rather is es- 
tablished early, before these cells reach the cortex, 
by specific transcriptional programs that then 
unfold over the course of several weeks. Activity- 
dependent mechanisms undoubtedly influence 
development, maturation, and plasticity of cor- 
tical interneurons (24-26), but most aspects that 


are directly linked to the functional diversity of 
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Fig. 4. Maf regulates SST* interneuron fate. (A) AUROC values for putative lineages linking E12.5 
progenitor clusters (P) with specific interneuron subtypes (AUROC scores above 0.9). (B) t-SNE 
plot illustrating progenitor cell clusters at E12.5. Two SVZ clusters, P5 and P7, are highlighted by color. 
C) Violin plots for selected DE genes between P5 and P7 clusters. (D) RNAscope labeling of 

MGE SVZ progenitor cells with a Maf probe. (E) Coronal sections through the somatosensory 
cortex of P21 mice after viral infection with Gfp or Maf-P2A-Gfp retroviruses in the MGE at E12.5. 
F) Quantification of the proportion of PV’-/SST, PV*, and SST* interneurons; n = 5; 2 test, ***P < 
0.001. Post-hoc analysis was performed with binomial pairwise comparison with adjusted P value 
by Bonferroni correction; PV’-/SST versus PV*, ***P < 0.001; PV* versus SST*, **P < 0.01. 

G) Coronal sections through the somatosensory cortex of P21 control and conditional Maf mutants. 
H) Quantification of the density of GFP*/SST* and GFP*/PV* interneurons; n = 4, one-way analysis 
of variance with Tukey correction, *P < 0.05. Scale bars, 15 um (D) and 100 um [(E) and (G)]. 


cortical interneurons seem to be intrinsically | and, through comparative analyses, inform the 
determined (14, 27). use of stem cell biology for the generation of 

Our analysis identifies early markers formany | distinct classes of human cortical interneurons 
different classes of cortical interneurons, whose (28, 29). Thus, core aspects of interneuron iden- 
functional validation may eventually illuminate | tity are drafted early in development, forming 
the mechanisms regulating the differentiation of | the foundation on which later interactions with 
GABAergic interneurons into specific subtypes other neurons must function. 
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PALEOANTHROPOLOGY 


Environmental dynamics during 
the onset of the Middle Stone Age 


in eastern Africa 


Richard Potts,?* Anna K. Behrensmeyer,'”? J. Tyler Faith,* Christian A. Tryon,° 

Alison S. Brooks,’’® John E. Yellen,"” Alan L. Deino,® Rahab Kinyanjui,” 

Jennifer B. Clark,’ Catherine M. Haradon,° Naomi E. Levin,’° Hanneke J. M. Meijer,” 
Elizabeth G. Veatch,” R. Bernhart Owen,” Robin W. Renaut'* 


Development of the African Middle Stone Age (MSA) before 300,000 years ago raises the 
question of how environmental change influenced the evolution of behaviors characteristic 
of early Homo sapiens. We used temporally well-constrained sedimentological and 
paleoenvironmental data to investigate environmental dynamics before and after the 
appearance of the early MSA in the Olorgesailie basin, Kenya. In contrast to the Acheulean 
archeological record in the same basin, MSA sites are associated with a markedly different 
faunal community, more pronounced erosion-deposition cycles, tectonic activity, and 
enhanced wet-dry variability. Aspects of Acheulean technology in this region imply that, as 
early as 615,000 years ago, greater stone material selectivity and wider resource 
procurement coincided with an increased pace of land-lake fluctuation, potentially 


anticipating the adaptability of MSA hominins. 


nvironmental drivers of African hominin evo- 

lution over the past several million years have 

been attributed to hydroclimate extremes 

(arid or moist conditions) and habitat varia- 

bility (7-5). Testing for environment-evolution 
connections requires (i) evidence for geographic 
and temporal correspondence between novel 
hominin behaviors and shifts in climate, land- 
scape, and overall biota, and (ii) an understanding 
of how those behaviors offered selective benefits 
to hominins as they foraged for resources af- 
fected by changing environmental parameters. 
Linkages between environmental change and 
evolution are anticipated because climate pa- 
rameters, such as precipitation amount and 
variability, influence selection gradients globally 
(6), and because annual- and decadal-scale var- 
iability in climate has a demonstrable influence 
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on survival, reproduction, and demography (7). 
In human hunter-gatherers, environmentally in- 
duced variability and unpredictability in food 
return rates tend to favor wider mobility, infor- 
mation gathering, and investment in social re- 
source exchange networks—a combination that 
promotes foraging efficiency, reduces risk, and 
thus improves fitness (8-10). Largely unexplored 
in human origins research are the environmental 
conditions and adaptive context in which a sub- 
stantial technological shift and resource exchange 
networks emerged, as evidenced in the early 
Middle Stone Age (MSA) (17). 

Long sequences of African middle Pleisto- 
cene strata that yield multiproxy environmen- 
tal data associated with a dense archeological 
archive are rare. The Olorgesailie basin (Fig. 1), 
containing sedimentary strata dated between 
1.2 million years (1.2 Ma) and 499,000 years 
(499 ka) ago and between 320 and 36 ka ago, 
preserves an archeological record that spans the 
Acheulean and MSA. The basin thus presents an 
opportunity to investigate the environmental 
context of this behavioral transition and to con- 
sider its evolutionary implications in relation to 
changes in landscape dynamics, climate, flora, 
and fauna. 

MSA technologies are characterized by small 
points including weapon armatures, increased 
reliance on prepared core technologies requiring 
greater planning depth (72), and procurement of 
rocks from distant sources, among other traits 
indicative of complex symbolic, technological, and 
socioeconomic behaviors (13-15). By contrast, in 
addition to handaxes and other distinctive large 
tools (16), the 700-ka Acheulean sequence of the 
Olorgesailie Formation (Fm) exhibits highly local- 
ized use of stone material; 98% of rock used in 
tool manufacture was accessed within 5 km (table 


S6) (17). The well-documented Acheulean tech- 
nology of Olorgesailie (29 stratigraphic levels; Fig. 
1A) is entirely replaced by MSA technology by 
~320 ka ago (18), with evidence for long-distance 
obsidian exchange networks and previously un- 
known use of coloring materials (77). This repre- 
sents a substantial revision in African hominin 
behavior at or near the time of origin of Homo 
sapiens (19, 20). 

Evidence from Olorgesailie enables direct com- 
parison between the environments associated with 
Acheulean and MSA technology (27). A ~180-ka 
erosional hiatus between 499 and ~320 ka ago 
in the Olorgesailie sequence precludes direct ex- 
amination of the transitional stages, but the envi- 
ronmental and faunal differences before and after 
this time interval indicate a marked increase in 
climatic variability, landscape instability, and arid- 
ity. The rich Acheulean sequence of the Olorge- 
sailie Fm is preserved in aggrading lacustrine 
floodplains and low-energy channels and pale- 
osols representing relatively stable depositional 
conditions for ~’700 ka (i.e., 1.2 Ma to 500 ka ago) 
(22, 23). However, an increasing pace of environ- 
mental change is recorded in the upper Olorge- 
sailie Fm beginning ~800 ka ago, including more 
frequent land-lake oscillations and fire-reddened 
siliceous zones that reflect intense moist-arid fluc- 
tuation (Fig. 1, A and C) (24). Novel elements of 
Acheulean technology, some of which resemble 
innovations seen in the later MSA record, are re- 
corded in this environmentally dynamic upper 
portion of the Olorgesailie Fm (text $2 and S3). 
Reliance on smaller artifacts is apparent, and the 
proportion of artifacts made from nonlocal stone 
(e.g., chert, obsidian, quartzite) is 3 to 6 times 
that observed in older Acheulean sites, and within 
the range found at the later MSA sites (Fig. 1D and 
tables S5 and S6). 

Sedimentation of the Olorgesailie Fm came to 
an end ~499 ka ago, the age of the last recorded 
Acheulean technology in the basin (Fig. 1A and 
fig. S7). Approximately 180 ka of landscape dis- 
section caused by major structural changes in the 
basin was followed by deposition of the Oltulelei 
Fm, signifying a basin-wide shift in depositional 
regime (25). In its oldest unit (Olkesiteti Member), 
the early MSA is recorded in strata dated ~320 to 
295 ka ago (18) in a sequence of diverse super- 
posed lithologies indicative of rapidly shifting 
fluvial channel, floodplain, and spring deposi- 
tion. The first records of the Olorgesailie MSA 
are therefore associated with dynamic paleoland- 
scapes in which linked but semi-independent 
basins were subjected to repeated erosion and 
deposition across an area of ~60 km? north and 
northwest of Mt. Olorgesailie. Multiple phases 
of channel cutting and filling within the lower 
Olkesiteti Member of the Oltulelei Fm further 
indicate repeated shifts in local base level, likely 
related to a combination of faulting and arid-moist 
climate variability (25). 

MSA horizons at BOK (sites BOK-1E/BOK-3, 
BOK-2, and BOK, from lowest to highest), dated 
~320 to 295 ka ago (18), occur in a succession 
of sedimentary fills of cross-cutting channels in- 
cised 2 to 4 m deep, indicating repeated cycles 
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of erosion, filling, and development of flood- 
plains (Fig. 2A). Silicified plant stems, roots, and 
siliceous tuffs are associated with the largest 
archeological assemblage at site BOK-2 (17) and 
are interpreted as evidence for localized springs 
and associated moist habitats during the artifact- 
rich channel-filling phase (25). The BOK sites 
are located within tens of meters of a conflu- 
ence where the main drainage flowed toward a 


gap in a nearby lava ridge. This confluence and 
nearby springs were a likely water source for 
hominins and other organisms. Site GOK-1 oc- 
curs below an erosional unconformity on top of 
a 5-m-thick red soil, and the eroded top of this 
soil is at least 1 m below a tuff dated ~277 ka 
ago (18). Thus, GOK-1 is possibly as old as or older 
than the BOK sites. The red paleosol interfingers 
with tufa deposits, indicating associated spring 


activity, shallow ponds, and wetlands; subse- 
quent MSA archeological levels at GOK occur 
in overlying floodplain deposits and paleosols 
(11, 25). 

Coinciding with the large-scale change in dep- 
ositional regime, the mammalian fauna associated 
with the Olorgesailie MSA indicates substantial 
turnover [Jaccard distance = 0.85; i.e., only seven 
taxa (15%, n = 46) shared between the Acheulean 
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Fig. 1. Context of the Acheulean-to-MSA transition in the Olorgesailie 
basin. (A) Sequence of major periods of erosion and deposition with 
inferred paleoenvironments in the Olorgesailie and Oltulelei Formations, 
associated with Acheulean and MSA archeological sites, respectively. 
Color code: orange, aggrading sediment; brown, stable land surface; 
red, burned zone. (B) Insolation during the interval of Acheulean and 
MSA sites in the Olorgesailie basin. Shaded areas are the three intervals 
of prolonged (>72 ka), highly variable climate predicted by eccentricity 
pertaining to the late Acheulean and oldest MSA sites in the basin 
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[climate variability phases H5, H4, and H2 (5)]. (©) Summary of 
land-lake oscillations and erosional phases associated with Olorgesailie 
Acheulean and MSA sites. (D) Comparison of earlier Acheulean 
(purple), later Acheulean (red), and MSA (blue) sites in terms of (top) 
maximum size of flaked pieces (values for one-tailed t test) and 
(bottom) percentage of distant stone materials (exotic) relative to 
local rock sources (exotic stone counts for earlier versus later 
Acheulean, x2 = 448.93, P < 0.001; for later Acheulean versus MSA, 

x° = 535.30, P < 0.001; see table S6). 
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and MSA assemblages] (Fig. 3). This impressive 
biotic shift included local extinction of previously 
dominant large-bodied specialized grazing line- 
ages (e.g., Paleoloxodon recki, Equus oldowayensis, 
Theropithecus oswaldi) prevalent in the Olorge- 
sailie Acheulean sequence, their replacement by 
related taxa of smaller body size (Fig. 3) (26), and 
an example (springbok, Antidorcas marsupialis, 
known from Florisbad, South Africa ~100 to 
400 ka ago) of apparent range extension cov- 
ering as much as 2800 km (table S1 and fig. S5). 
The springbok’s temporary presence in eastern 
Africa supports phylogeographic evidence that 
this region’s dynamic environmental history con- 
tributed to elevated turnover, which included 
local extinctions and recolonization from south- 
ern African sources (27). This reorganization 
of the large mammalian community, which was 
more extensive than other examples of Pleisto- 
cene faunal turnover in eastern Africa [e.g., (28)], 
is first recorded in southern Kenya between 
~330 and 320 ka ago (26, 29) (Fig. 3), roughly 
contemporaneous with the onset of the MSA 
sequence and consistent with the last appear- 
ances of extinct middle Pleistocene large-bodied 
mammals in eastern Africa (29). 

The hyper-grazer alcelaphin Damaliscus hypsodon 
became prominent in the southern Kenya rift by 
~330 ka ago (29) and is also found in fauna dated 
>305 ka ago in Olorgesailie MSA sites. Equus, 
including a previously unidentified large species 
that we attribute to Equus aff. E. capensis, and 
the bovids Oryx and D. hypsodon indicate arid, 
open terrain suitable for grazing; Tragelaphus, 
Diceros, and Madoqua indicate the presence of 
bush/shrubland; and Hippopotamus and Croco- 
dylus attest to perennial bodies of water (text 
S1, tables S1 and S2, and figs. S3 and S4). Chord 
distance measures of dissimilarity to mamma- 
lian faunas from modern African wildlife re- 
serves show that the BOK fauna most closely 
matches modern faunas from open, arid set- 
tings (Fig. 2D and fig. S2). BOK small mammal 
taxa (e.g., Pedetes) also imply semi-arid, open 
grassland to bushland habitats with little woody 
cover, and the presence of ostrich and francolin 
at the BOK sites indicates an open, dry, and grassy 
component of the Olorgesailie paleolandscape 
(text S1). 

Carbon isotope data from the limited number 
of pedogenic carbonate horizons preserved at 
Olorgesailie point to the development of grass- 
lands spanning the transition between the latest 
Acheulean and the earliest MSA. In accord with 
paleosol data from elsewhere in eastern Africa, 
Olorgesailie 5"°C values show a steady increase 
in grassy environments during the past 800 ka 
(Fig. 2B and text S1). The pedogenic carbonate 
isotope data are consistent with the presence of 
arid grassland-adapted fauna but do not show a 
sharp shift in vegetation commensurate with the 
faunal turnover. We consider it likely that the 
faunal change was a response to a combination 
of aridity and food/water resource variability that 
resulted, for example, from shifting rainfall sea- 
sonality and tectonically caused increases in topo- 
graphic diversity (25)—factors that may have had 
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Fig. 2. Landscape and environmental setting of the >300,0000-year-old MSA sites at Olorgesailie. 
(A) Simplified stratigraphic panel showing superposed channel deposits (Olkesiteti Member of the 
Oltulelei Fm: blue-green to blue-gray) that preserve the archeological record in Locality B (BOK 
archeological sites), viewed toward approximately west-southwest (toward the drainage outlet). 
White, Olorgesailie Fm; overlying orange and gray, channels of the upper members of the Oltulelei Fm. 
(B) Carbon isotope values of pedogenic carbonates from Olorgesailie paleosols (this study) and 
from elsewhere in eastern Africa [compiled in (37)] over the past 800 ka; vegetation cover categories 
are from (38). (C) Percentage of phytolith morphotypes of woody and herbaceous taxa, grass 
subfamilies, and palm and sedge (Cyperaceae) taxa associated with the MSA site BOK-2. (D) Chord 
distance, a measure of faunal dissimilarity for taxonomic abundance data (33), between the BOK 
fauna and census counts from 33 modern African wildlife reserves [data from (34)]. Modern 
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open and arid/semi-arid; green, woodland; purple, closed/humid (34-36). The BOK fauna is 
most similar to those from the open and arid settings of Makgadikgadi (Botswana) and 


Etosha (Namibia). 


little influence on the carbon isotopic composition 
of vegetation in the local soils. A phytolith assem- 
blage obtained from the BOK archeological sites, 
however, indicates a local habitat that was more 
moist and vegetated. The BOK phytolith sam- 
ple (Fig. 2C and text S1) contains short-grass 
(Chloridoideae) forms, consistent with the faunal 
and carbon isotope data, but also a high pro- 
portion of woody, herbaceous, and moisture- 
associated tall grass (Panicoideae) and sedge 
morphotypes, indicative of the vegetation at or 
adjacent to the focus of hominin activity. Together, 


the environmental and geomorphological evi- 
dence implies that the MSA sites at BOK were 
situated in a predominantly grassland habitat 
near a reliable water source that also supported 
woody vegetation. 

The Olorgesailie MSA coincided with a pre- 
dicted interval of prolonged wet-dry climate os- 
cillation for eastern Africa (climate variability 
stage H2; Fig. 1B) (5). Basin lithofacies document an 
increased tempo of erosional phases and volcanic 
input to the Olorgesailie region (Fig. 1, Aand C) 


as tectonic activity created semi-independent 
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Taxonomic Olorgesailie Basin 
Group Mammalian Fauna 
Bovidae Madoqua sp. 


Antidorcas marsupialis 
Gazella sp./Gazella thomsoni 
Aepyceros sp. 
Megalotragus sp. 
Alcelaphin size 3a cf. Alcelaphus 
Connochaetes sp. 
Damaliscus hypsodon 


a? 


Oryx gazella - Hippotragin oryx size 
Hippotragin - roan size 
Taurotragus sp./Taurotragus oryx 
Tragelaphus sp./Tragelaphus strepsiceros 
Tragelaphus cf. T. imberbis 
Syncerus (Pelorovis) cf. S. antiquus 


Kobus sp. 
Redunca sp. 
Giraffidae Giraffa sp. 
Suidae Metridiochoerus cf. M. hopwoodi 


Metridiochoerus cf. M. compactus 
Kolpochoerus majus 


t 


Phacochoerus sp. 


Hippopotamus cf. H. gorgops 
Hippopotamus cf. H. amphibious 


Hippopotamidae 


) 


Equus cf. E. quagga 
Equus cf. E. grevyi 
Equus oldowayensis 
Eurygnathohippus sp. 


Equidae 


4 


Equus aff. E. capensis 


Rhinoceratidae Ceratotherium simum 


} 


Diceros bicornis 


Palaeoloxodon (Elephas) recki 
Elephantidae cf. Loxodonta africana 


Elephantidae 


: | 


Crocuta sp. nov. 
Crocuta crocuta/cf. Hyenidae 


Carnivora 


Canis cf. mesomelas 
Canis sp. - size 1b1c 
cf. Panthera sp. 
Felis sp. indet. 
Genetta sp. 
Otocyon megalotis 


Primates Theropithecus oswaldi 
Homo cf. H. erectus 


Homo sp. (MSA artifacts) 


Rodentia Hystrix cristata 
Pedetes sp. 


Lepus sp. 


> ee a 
33 


(Acheulean-associated) 


Olkesiteti Mbr Taxa 
(MSA-associated) 


Olorgesailie Fm Taxa 


(em os 
x 
xa x 
x 
x 
aS Of 30 unique taxa 
‘ in the Olorgesailie ¥ 
Fm, 23% (7 taxa) x 
- | are also recorded x 
x in the MSA- x 
us associated sites of : 
s the Olkesiteti Mbr. 
x 
x 
x 
: Taxonomic 
x turnover: 85% 
x x 
x 
x 
xX x 
x 
x 
x 
x 
x 
x Of 23 taxa recovered x 
y from the MSA sites, 
70% (16 taxa) are not x 
recorded previously 
Xx in the Acheulean x 
Xx strata of the 
Olorgesailie Basin x 
x 
x 
x 
x 
x 
x 4 
x 
x 
x 
Xx 


Fig. 3. Acheulean-associated and MSA-associated mammalian taxa of the Olorgesailie basin. 


depositional zones during the past ~320 ka of 
Olorgesailie basin history (25). Tectonics also 
contributed to the topographic heterogeneity 
of the southern Kenya rift (30, 31). Because spa- 
tial and temporal habitat variability strongly 
influences resource patchiness and predictabil- 
ity, rapidly shifting environments at the out- 
set of the Oltulelei Fm imply strong selective 
pressures on resource acquisition by hominins. 
Both the faunal turnover and MSA replacement 
of the Acheulean took place in this dynamic 
setting. Evidence of grassland expansion asso- 
ciated with the Olorgesailie MSA further im- 
plies that MSA hominins encountered periods 
of intensified resource uncertainty. Foraging 
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unpredictability, with increased potential for re- 
source scarcity, describes the conditions in which 
human hunter-gatherers broaden the spatial 
scale of the landscape they encounter through 
a combination of wider mobility, information 
and resource sharing, and the maintenance of 
resource exchange networks (8, 10, 32). These 
responses also characterize the Olorgesailie MSA, 
in contrast to the behavioral record associated 
with the older Acheulean of the region (77). We 
thus hypothesize that the emergence of the MSA 
and its wholesale replacement of the Acheulean 
in the Kenya rift by ~320 ka ago represents an 
evolutionary response to resource landscapes 
that were less predictable in time (as a result of 


amplified climate variability throughout eastern 
Africa) and were also more heterogeneous in space 
(as a result of local tectonic activity). Although we 
are not claiming that MSA technology originated 
in the Olorgesailie basin, the changing conditions 
and depositional sequence there document the 
environmental correlates associated with its ap- 
pearance in southern Kenya. 

Although immediate MSA precursors in the 
Olorgesailie basin cannot be investigated because 
of the erosional gap from 499 to 320 ka ago, 
recovery of Acheulean materials from intervals of 
enhanced climate oscillation recorded in Mem- 
bers 11, 12, and 14 of the upper Olorgesailie Fm 
(Fig. 1A: sites B11-500, AW12-10, and D14-10) in- 
dicate that Acheulean toolmakers between 615 
and 499 ka ago (18) produced smaller cores and 
flakes, and also increased their access to distant 
stone sources and were more selective of stone 
material than earlier in the Acheulean (Fig. 1D and 
text S3 and S4). These aspects of foraging tech- 
nology suggest that, at least in periods of strong 
environmental variability, Acheulean hominins 
broadened their mobility and range of resource 
acquisition within the limits of a technology typi- 
fied by the manufacture of large cutting tools. 
These incipient similarities to the MSA point to 
variation within the Acheulean that, by 615 ka 
ago, appears to have laid a foundation for the later 
evolution of adaptable behaviors distinctive of 
H. sapiens. 
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Long-distance stone transport 
and pigment use in the earliest 


Middle Stone Age 


Alison S. Brooks,’?* John E. Yellen,”* Richard Potts,”*** Anna K. Behrensmeyer,” 
Alan L. Deino,° David E. Leslie,’ Stanley H. Ambrose,® Jeffrey R. Ferguson,” 
Francesco @’Errico,.°™ Andrew M. Zipkin,® Scott Whittaker,” Jeffrey Post,’ 
Elizabeth G. Veatch,’* Kimberly Foecke,’ Jennifer B. Clark” 


Previous research suggests that the complex symbolic, technological, and socioeconomic 
behaviors that typify Homo sapiens had roots in the middle Pleistocene <200,000 years 
ago, but data bearing on human behavioral origins are limited. We present a series of 
excavated Middle Stone Age sites from the Olorgesailie basin, southern Kenya, dating 
from 2295,000 to ~320,000 years ago by argon-40/argon-39 and uranium-series 
methods. Hominins at these sites made prepared cores and points, exploited iron-rich 
rocks to obtain red pigment, and procured stone tool materials from =25- to 50-kilometer 
distances. Associated fauna suggests a broad resource strategy that included large 

and small prey. These practices imply notable changes in how individuals and groups 

related to the landscape and to one another and provide documentation relevant to human 


social and cognitive evolution. 


he Middle Stone Age (MSA) comprises a di- 
verse group of African industries character- 
ized by the absence or rarity of large cutting 
tools (LCTs, such as Acheulean handaxes 
and cleavers), the presence of prepared core 
(Levallois) technologies, and regional and/or tem- 
poral variation in weapon armatures (7-3). Later 
MSA industries contain varying frequencies of 
small retouched bladelets and geometric arti- 
facts (4), small unifacially and bifacially worked 
points, and larger lanceolate and bone points 
(5, 6). African MSA sites are associated with the 
oldest known fossils attributed to Homo sapiens, 
which date between ~195 and ~350 thousand years 
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(ka) ago (7-9). After 130 ka ago, late Pleistocene 
MSA sites, mostly from the north and south tem- 
perate zone extremities of the continent, docu- 
ment some of the oldest beads (JO, 17), complex 
geometric designs (12, 13), lithic projectile arma- 
tures interpreted as arrow or dart tips (14, 15), 
paint production (J6), heat treatment of lithics 
(17), and expanded resource use, including fish- 
ing and shellfish collecting (18, 19). 

Although these late Pleistocene behaviors are 
thought to reflect advanced cognitive abilities for 
learning, imitation, working memory, planning, 
and recursive technological innovation, their middle 
Pleistocene or earlier antecedents have remained 
obscure. Evolutionary explanations for the mid- 
dle Pleistocene enlargement of relative brain size, 
largely overlapping the modern H. sapiens range, 
include a shift to larger social groups or networks 
(20); greater foraging, technological, and social 
adaptability in the face of more rapid and unpre- 
dictable climate fluctuations (21); and the devel- 
opment of symbolic expression (22). 

Middle Pleistocene evidence from >200 ka ago 
for the emergence of these new cognitive and so- 
cial behaviors is limited to a small number of iso- 
lated sites and site complexes, mostly in tropical 
and subtropical Africa and also in the northwest 
(8, 23-26). The most extensive record in both chro- 
nological coverage and individual excavations is 
from the Kapthurin Formation in Kenya (27-30). 

Olorgesailie is a ~65-km? paleolake basin in the 
southern Kenya rift where more than 75 years 
of research have documented Acheulean sites in 
the Olorgesailie Formation, dating from 1.2 mil- 
lion years ago to 499 ka ago (31, 32). From 2001 to 
2011, the Smithsonian team investigated sites in 
the younger Oltulelei Formation (33, 34). Seven- 
teen excavations were conducted in Localities B 
and G in the Oltulelei Formation, including 11 


in the Olkesiteti Member (Fig. 1). The five oldest 
sites are described here (35). The oldest (~305 to 
320 ka old) and the youngest (between ~295 and 
~298 ka old) (32) yielded some of the earliest evi- 
dence for MSA lithic industries lacking LCTs 
(Fig. 2 and fig. S5). 

These MSA sites occur in a topographically 
complex paleolandscape marked by repeated 
channel erosion and filling, periodic influxes of 
volcaniclastics, tectonic shifts, and spring-deposited 
tufas (33, 34). The oldest MSA sites in Locality B 
(BOK-IE and BOK-3; Fig. 1) directly overlie channel- 
deposited gravels representing initial aggrada- 
tion after the long (~180 ka) erosional hiatus be- 
tween the Olorgesailie and Oltulelei Formations. 
These gravels postdate the ~499-ka capping age 
of the former and predate the ~305-ka-old tephras 
overlying the BOK-1E occupations (32). Site BOK-2 
is slightly higher stratigraphically and underlies 
the ~305-ka-old tephras and a ~302-ka-old tuff, 
whereas BOK-4 is, as noted above, slightly younger 
(between ~295 and ~298 ka old) (Fig. 1). 

In eastern Locality G, the Olorgesailie Forma- 
tion is absent in most outcrops. We infer that the 
well-developed red paleosol containing the GOK-1 
lithic industry formed after Olorgesailie Forma- 
tion deposition ceased <500 ka ago. Archaeological 
site formation in the GOK-1 red soil was followed 
by a widespread erosional unconformity. A U-series 
date of 277 + 1.8 ka old in deposits overlying the 
unconformity provides an upper limit for the age 
of GOK-1. Subsequent volcaniclastic units above 
the unconformity at GOK-1 are dated at ~220 ka 
ago (32). The lithic industry shares comparable 
percentages of diagnostic MSA elements (table 
$3) with the two oldest sites in Locality B. No LCTs 
were found in the extensive GOK-1 excavations. 
Together, the stratigraphic context and flaked 
stone artifacts suggest that the age of GOK-1 is 
comparable to or possibly older than that of the 
early Locality B MSA sites (Fig. 1). 

All early Locality B sites are in fine-grained silty 
or sandy sediments that represent low-energy 
sedimentation in channel-fill settings above the 
basal gravels. The absence of preferential orien- 
tation of long axes and abundance of artifacts 
<2 cm in maximum dimension (table $2), to- 
gether with large cores, grindstones, and ham- 
merstones (table S3), indicate that the artifact 
assemblages were deposited by hominins in or 
near inactive channels, followed by only minor 
postdepositional sorting or winnowing. Sets of 
refitted obsidian artifacts at BOK-2 and BOK-4 
(figs. S3 and S4 and table S2) further indicate 
the integrity of the artifact assemblages. 

Most artifacts at all but one of the Olkesiteti 
Member sites were made on local volcanic rocks 
with 1 to 8% nonlocal obsidian and chert (table 
S4). The small amount (0 to 2%) of green, brown, 
and white chert has not been sourced but is 
not available locally. Even within the lavas, a 
preference for fine-grained rocks is evidenced 
by the predominance of Mt. Olorgesailie basalt, 
which lacks visible phenocrysts and was avail- 
able at outcrops within 2 km. 

At BOK-2, however, 42% of the plotted artifacts 
(table S5) are obsidian, which has no known local 
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Olkesiteti Mb 


Oltulelei Formation 


~400 m 


Fig. 1. Composite geological sections of Localities G and B early 
MSA sites, showing archaeological sites, artifact levels, and 
dated tuffs. Artifact levels are indicated with red dashes. Bottom 


Fig. 2. MSA artifacts from BOK sites. (A) Levallois point (Olorgesailie 
basalt). (B) Levallois point (obsidian). (C to F) Small obsidian MSA points 
with flat invasive retouch (acute-angled bases in side view). (G) Single- 
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locations. 


Olkesiteti Mb. 


platform blade core. (H and I) Obsidian Levallois cores. Point (F) refits 
onto core (I). Artifact (D) and (F) have bases thinned by retouch. Artifacts 
(A) and (E) are from BOK-4; the others are from BOK-2. 
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usable outcrop or conglomerate source. Com- 
positional analysis of 688 obsidian artifacts from 
BOK-2 and BOK-4 was carried out by several 
techniques, including portable x-ray fluorescence 
(pXRF) and neutron activation analysis (NAA), 
to determine probable sources, based on a large 
database of known provenience. About 78% of 
the Olorgesailie samples are attributed to seven 
source groups located in direct lines from 25 to 
50 km from the BOK sites in five different di- 
rections. A small number of samples were from 
more distant sources (Fig. 3). Given the rugged 
terrain of the southern Kenya rift, the walking 
distance would have been considerably longer 


36°E 
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Ol Donyo Nyokie (Group 3) 
Ol Kitara (Group 4) 
Ay Kedong Road (Group 5) 
@ Ol Donyo Ngiru (Group 6) 
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L\ Mporri 
Z\ Mundui 
Elemental analysis type and location 
© pXRF/NMK 
ZX pXRF and NAA/ MURR 
PXRF and NAA/ MURR and NMK 


than the straight-line distance. For four occupa- 
tion horizons at BOK-2, the source diversity and 
distance are smallest in the oldest level and 
largest in the youngest (Fig. 3, bottom panels). 

Large obsidian flakes and cores weighing 60 
to 90 g, refit sequences (figs. S3 and S4), low cor- 
tex ratios, and the presence of >46,000 obsidian 
pieces <2 cm in size at BOK-2 and 226 pieces at 
BOK-4 (tables S2 and S4) indicate that obsidian 
was brought in as raw material and worked on- 
site rather than imported as finished artifacts. 
Average cortex ratios on whole flakes are low 
(0 to 25%) for both local and exotic common 
materials in the Locality B sites (table S4). Long- 


36°20°'E 36°40'E 


L. Naivasha 


Mt. Suswa 


1°20'S 


Olorgesailie @)) 


bf 


1°40'S 


= 
= 
a 
y 
> 
a 


BOK-2 Top Horizo 


e 
Group 5 x 


eS 


Group 3 


Group 4 


Group 5 
peepee” 


ae Group 3 


e 
Group 6 


Fig. 3. Location of major obsidian sources. Sources matched chemically to Olorgesailie MSA 
artifacts by pXRF and NAA at the University of Missouri Research Reactor (MURR) and/or by pXRF at 
the National Museums of Kenya (NMk). The bottom panels are chemical plots that show the use of 
multiple sources in basal and upper levels at BOK-2 and BOK-4. Source group 2 is an unknown 
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distance obsidian transport at Olorgesailie pre- 
cedes previously documented occurrences (30) 
by ~80 to 100 ka. 

The distinct artifact levels at BOK-2 represent 
multiple reoccupations, also evident at BOK-1E 
and GOK-1, indicating repeated visits to focal 
landscape points in the basin, likely related to 
resource availability. 

Analysis of lithic technology (Fig. 3, fig. S5, 
and table $3) at all five sites supports attribution 
to the MSA rather than to the Acheulean. First, 
no large cutting tools were recovered in the ex- 
cavations, although a few surface finds of core 
axes and picks with trihedral points and un- 
finished bases were recovered on a red-soil sur- 
face below GOK-1; such artifacts are typical of 
early post-Acheulean industries of middle Pleis- 
tocene age in eastern and central Africa (36) 
(fig. S1). Second, diverse technological sequences 
recovered in situ included prepared cores, es- 
pecially Levallois, or asymmetrical cores (Fig. 2, 
H and I, and fig. S5); other core strategies in- 
cluded the production of blade and bladelet cores 
(Fig. 2G), bipolar cores on small chert and obsidian 
nodules, and discoidal and multiplatform cores. 
Third, the desired end products were predominantly 
small- to medium-sized flakes (<5-cm average 
length), especially flakes that were relatively thin 
(table $4). Fourth, flat invasive retouch was used 
to shape some of the points and the more rounded 
“ovates.” 

Classic MSA end products at the Locality B 
sites reflect innovation and standardization that 
were not present earlier. These include pointed 
forms (Fig. 2 and table S3) both unretouched 
and retouched at BOK-2, BOK-4, and BOK-I1E. 
Retouched points were preferentially made on 
obsidian at BOK-2 and on chert at BOK-4. The 
bases of some points have been thinned or mod- 
ified in a manner typical of hafting (Fig. 2, D and 
F). Perforators, side and end scrapers, notched 
and denticulate pieces, and other retouched forms 
are present at all three sites. At BOK-2, a series of 
short end scrapers on obsidian flakes occur, as 
well as very small scrapers on flakes (fig. $2). In 
summary, the industries of these early sites fit 
within the scope of African industries grouped 
as MSA in the diversity of artifact forms and tech- 
nological approaches to tool manufacture. 

More than 2000 faunal remains of 23 larger 
(>2 kg) mammalian taxa, micromammals, rep- 
tiles, birds, and fish were recovered from the Lo- 
cality B sites in association with the lithics; these 
remains carry implications for reconstructing 
both human behavior and paleoenvironments 
and are presented in detail in (34). Surface mark- 
ings document human use. Carnivore remains are 
rare and do not suggest a den concentration, and 
dens or burrows were not present in the exca- 
vated sediments. The most common taxa include 
equids, suids, eland, kudu, an extinct alcelaphin 
(Damaliscus hypsodon), springbok, bat-eared fox, 
springhare, and root rat. The presence of many 
relatively smaller taxa suggests direct preda- 
tion by humans rather than scavenging, as small 
taxa remains are unlikely to survive initial con- 
sumption by primary predators. Comparable recent 
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African forager reliance on small mammals, 
including small carnivores, is documented in 
table S15. 

Given the age of the sites, of particular inter- 
est are mineral pigments from two of the five 
sites: BOK-1E and GOK-1. Within the upper arti- 
fact horizon at BOK-1E were 86 rounded concre- 
tionary lumps of soft dark mineral. One nodule 
analyzed by scanning electron microscopy energy- 
dispersive x-ray spectroscopy consists mainly of 
calcite with fluorite inclusions and veins of man- 
ganese oxide, a dark brown-to-black potential pig- 
ment, whereas the nodule’s surface layer contains 
diatoms and possibly cyanobacteria, indicating 
formation in water (Fig. 4C) (supplementary text 
S6). Test squares extending both north and south 
from the excavation indicated that, although the 
sediment enclosing the artifacts continues in both 
directions, the dark mineral lumps occur only 
in association with artifacts. This association, to- 
gether with the lack of evidence for standing 
water around the artifact horizon, suggests that 
these specimens were collected and brought to 
the site by hominins, although they were too fri- 
able to preserve grinding striations (supplemen- 
tary text S6). 

In the GOK-1 excavation, two rocks that have 
bright red streaks and patches were recovered in 
the red soil, one (specimen 7) in the uppermost 
unit and one (specimen 6) in the middle unit. 
Specimen 6 has two opposing holes, initially 
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thought to be of geological origin. Microscopic 
examination revealed that the red streaks on 
this stone are grinding striations (Fig. 4, panel 
A4), and geochemical analysis of the rock by 
laser ablation inductively coupled plasma mass 
spectrometry (LA-ICPMS) (fig. S8, A and B) in- 
dicated that it is mainly composed of iron mineral. 
Rather than a grindstone that was used to produce 
pigment, this is interpreted as a lump of ochre 
pigment that had been ground. Further visual 
examination with a free-angle zoom microscope 
documented chop marks in the two opposing 
holes, one large and one small, as well as in the 
notches of the second rock (specimen 7), indicat- 
ing that the holes and notches are anthropogenic 
(Fig. 4). Geochemical comparison of the GOK-1 
red rocks with potential local sources indicates 
that the rocks are exotic to the immediate region 
and not derived from the nearest potential source 
located on Mt. Olorgesailie (fig. S9). Although 
earlier ochre has been occasionally reported, evi- 
dence of anthropogenic transport and utilization 
is rarely documented [but see (J, 37)]. The GOK-1 
rocks are thus among the oldest-known clearly 
worked pigments and the oldest evidence of a 
possible attempted perforation. Although ochre 
can have utilitarian functions, experimental data 
have shown that these functions can also be sat- 
isfied by less-brightly colored minerals (38), sug- 
gesting that transport of exotic bright red and 
black rocks may have been valued for their bright 


Fig. 4. MSA pigments from 
Olorgesailie. (A) From 
GOK-1, large ochre block 
(specimen 6) with two 
opposing holes (white 
arrows) and abraded red 
area. (Al) Smaller lower hole 
with chop marks made by 
sharp, straight-edged tool 
(white arrows), a gouge mark 
(blue arrow) in lower left 
corner, and vertical walls left 
and right. (A2) Top view of 
the large ochre block. (A3) 
Magnified view of area 
enclosed by dashed rectangle 
in (A2). Larger upper hole 
with chop marks (white 
arrows) and gouge mark 
(lower left). (A4) Magnified 
view of abraded red area 
showing striations. (B) From 
GOK-1, smaller block with red 
streaks and notch in upper 
left (specimen 7). (B1) 
Magnified view of notch 
showing chop mark (white 
arrow). (C) Surface section of 
a BOK-1E lump, showing 
diatoms (white arrows), 
possible cyanobacterium 
(yellow arrow), and manganese 
infillings. (D and E) Pigment 
examples from BOK-1E. 


color and used as symbolic communicators of 
identity or status. 

The evidence from the five oldest MSA sites 
at Olorgesailie has multiple implications for un- 
derstanding human behavioral evolution. First, 
this evidence indicates that distinctive techno- 
logical features of the African MSA reflecting 
innovation, standardization, and new cognitive 
abilities had already been developed in eastern 
Africa before 300 ka ago. Second, the repeated 
occurrence of exotic raw materials from multi- 
ple distant sources as cores, knapping products, 
and finished artifacts and the quantities involved 
suggest a new behavior in the human repertoire: 
the formation of networks of exchange or pro- 
curement over a substantial area. At least two 
sources were used in the oldest level at BOK-2, 
and four to six sources were used in the later hori- 
zons of this site and at BOK (Fig. 3). The forma- 
tion of extended networks and social connections 
is an important universal aspect of ethnograph- 
ically documented hunter-gatherer adaptations 
to unpredictable environments and is effective 
strategy for risk mitigation (39, 40). Expanded 
social networks are one possible explanation 
for the middle Pleistocene increase in relative 
brain size (20), although evidence supporting 
this social expansion >300 ka ago was not pre- 
viously available. Along with improved lithic 
technology, particularly stone-tipped weapons, 
and a more diverse economic strategy suggested 
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by the faunal remains, larger-scale social rela- 
tionships would have provided a buffer against 
increased climate variation and resource un- 
predictability (34, 39, 40). 

In a Kalahari environment comparable to that 
implied by the BOK sites, fauna, isotopes, and other 
indicators (34), modern hunter-gatherer families 
maintain contacts with exchange partners up to 
a 100-km distance but generally range over only 
a 20-km radius annually (39). Thus, the distances 
implied by the range of obsidian procurements 
somewhat exceeds the likely home range in the 
Olorgesailie environment of a small family-based 
band but are consistent with exchange-network 
sizes of modern people in a similar environment. 
The absence of this pattern from the underlying 
Acheulean levels (34) indicates that this major 
transition in human social and cognitive behav- 
ior occurred before 300 ka ago but postdated 
500 ka ago. Finally, the apparent association of 
early pigment use and expanded social networks 
implied by the repetitive use of exotic raw mate- 
rials from multiple sources suggests that the pig- 
ment itself may also have been of social and 
symbolic importance. 
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Chronology of the Acheulean 
to Middle Stone Age transition 


in eastern Africa 


Alan L. Deino,’* Anna K. Behrensmeyer,” Alison S. Brooks,”* John E. Yellen,”** 


Warren D. Sharp,’ Richard Potts*’®* 


The origin of the Middle Stone Age (MSA) marks the transition from a highly persistent 
mode of stone toolmaking, the Acheulean, to a period of increasing technological 
innovation and cultural indicators associated with the evolution of Homo sapiens. We 
used argon-40/argon-39 and uranium-series dating to calibrate the chronology 

of Acheulean and early MSA artifact-rich sedimentary deposits in the Olorgesailie 
basin, southern Kenya rift. We determined the age of late Acheulean tool assemblages 
from 615,000 to 499,000 years ago, after which a large technological and faunal 
transition occurred, with a definitive MSA lacking Acheulean elements beginning most 
likely by ~320,000 years ago, but at least by 305,000 years ago. These results establish the 
oldest repository of MSA artifacts in eastern Africa. 


he earliest development of the Middle 

Stone Age (MSA) has been obscure be- 

cause stratigraphic records that span from 

the Acheulean, which is characterized 

by distinctive large cutting tools (LCTs), 
to the early MSA are rare and poorly con- 
strained in time. Here we present precise 
geochronology based on *°Ar/?°Ar and U-series 
dating of middle Pleistocene archaeological 
sites in the Olorgesailie basin, southern Kenya 
rift (detailed site stratigraphy is shown in Fig. 1; 
composite stratigraphy is shown in fig. S8), 
that document the stone technology, fauna, 
and environments of the Acheulean-to-MSA se- 
quence (J, 2). 

As originally defined (3), the MSA lacked 
LCTs and bladelet technologies, although more 
recent work recognizes the presence of LCTs in 
some early MSA assemblages and of bladelets 
especially after 70,000 years (70 ka) ago. For 
much of the 20th century, the MSA was con- 
sidered irrelevant to human evolution and disper- 
sal, largely because the chronometric techniques 
and climate correlations used in African con- 
texts placed it at the end of the Pleistocene, 
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contemporary with the richer record of European 
cave art and elaborate lithic tool kits. Human 
behavioral evolution during the middle Pleis- 
tocene (780 to 130 ka ago) and into the late 
Pleistocene before 30 ka ago was thus poorly 
understood (4). 

Based on newer techniques, the well- 
constrained oldest MSA sites in eastern and 
eastern-central Africa now have estimated ages 
of =>286 to <182 ka (Table 1), whereas the 
earliest fossils attributable to Homo sapiens 
sensu stricto in eastern Africa have ages of 
~160 to 200 ka [Table 1 and table S4; all K-Ar 
and *°Ar/?°Ar ages are recalculated for con- 
sistency with K decay constants and revised 
standard ages (5)]. Although recent investiga- 
tions in northern Africa suggest the coeval 
evolution of H. sapiens sensu lato and the MSA 
in the middle Pleistocene (6, 7), the earliest 
MSA predates current evidence for the first ap- 
pearance of H. sapiens sensu stricto in eastern 
Africa and likely constitutes the context in 
which the anatomical and behavioral charac- 
teristics of our species evolved. 

A summary of dates (Table 1) shows that 
Acheulean and transitional industries incor- 
porating large tools (Sangoan and Fauresmith) 
disappeared in Kenya before 285 ka ago or 
earlier but persisted in areas of Ethiopia, Sudan, 
and southern Africa into the end of the mid- 
dle Pleistocene, after the first appearance of 
H. sapiens sensu stricto. Although dates have 
been published for 12 middle Pleistocene South 
African sites, only Florisbad, Kathu Pan, and 
possibly Sterkfontein and Wonderwerk—all in 
northern South Africa—have dated MSA hori- 
zons older than marine isotope stage 6 (MIS6; 
~191 ka ago) (8), and six lack LCTs. Coastal MSA 
cave horizons older than MIS6 appear in north- 


western Africa but are absent from the rich later 
record of coastal South African caves. 

After our team’s investigations of the Ac- 
heulean sites, fossil remains, and geology of 
the Olorgesailie Formation, dated at ~1.2 to 
0.5 million years (Ma) old (9-12), research 
since 2002 has extended into the Oltulelei 
Formation (73), which has rich accumulations 
of MSA artifacts. In this work, we set out the 
chronostratigraphic controls for the end of the 
Acheulean and its replacement by MSA sites 
in the Olorgesailie basin, which contains the 
longest stratigraphic sequence of Acheulean and 
overlying MSA sites in eastern Africa. Other re- 
cent and concurrent manuscripts establish the 
stratigraphic and regional geological context of 
strata younger than 500 ka at Olorgesailie (13), 
characterize the MSA sites (7), and examine the 
paleoenvironmental setting, faunal turnover, and 
landscape dynamics associated with the MSA in 
the Olorgesailie basin (2). 

The MSA sites of Olorgesailie are exposed 
within a ~65-km? early to late Pleistocene 
sedimentary basin in the southern Kenya rift, 
north of the deeply eroded late Pliocene-early 
Pleistocene central volcano of Mt. Olorgesailie 
(14) (Fig. 1, inset). The Pleistocene deposits lie 
on older lavas dated at 2.66 + 0.06 Ma old (all 
chronologic uncertainties are reported at the 20 
level) (9) and the regionally extensive Magadi 
Trachyte (1.4 to 0.8 ka old) (75). Normal fault 
movement contemporaneous with sedimenta- 
tion has resulted in the separation of the 
Olorgesailie basin into three sub-basins with 
shifting histories of terrigenous and lacus- 
trine sedimentary environments (13). 

The basin strata consist of the older, areal- 
ly extensive and horizontally stratified Olor- 
gesailie Formation, overlain unconformably by 
channel fills and sheet deposits of the Oltulelei 
Formation. The latter formation has an upper 
age limit of <36 ka (13) and a lower age limit 
established here of ~320 ka. The ~180-ka hiatus 
between the formations was a time of deep 
erosion (>60-m-deep valley formation) and 
transport of basin materials into the Koora 
Graben. 

Members 1 to 14 of the Olorgesailie For- 
mation encompass the longest series of exca- 
vated Acheulean sites in Africa. Members 8 to 
14 fall in the early part of the middle Pleis- 
tocene and contain Acheulean industries char- 
acterized by bold percussion flaking and varying 
percentages of LCTs. Recently discovered sites 
in Members 11 and 12 provide evidence of var- 
iations in the Acheulean that are relevant to 
MSA origins (2). Here we provide evidence estab- 
lishing the age of the Member 11 Acheulean sites 
and of the oldest MSA sites that lack LCTs, which 
have been excavated in the Olkesiteti Member 
of the Oltulelei Formation (1). 

The chronological constraints on the MSA 
sites at Olorgesailie are mainly based on the 
40 ar/?°Ar dating technique applied to single 
phenocrysts of K-feldspar from volcaniclastic 
deposits. Two variants of the *°Ar/?°Ar method 
were used; an early phase of the dating effort 
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Fig. 1. Locations, stratigraphic relation- 
ships, and stratigraphic placement of 
localities, archaeological sites, and 
dated tuffaceous beds. (A) Olorgesailie 
Formation, Member 11 (M11), in 
Localities A and B. (B) Oltulelei Formation 
in Locality B and BOK sites. Mb., 
member. (C) Oltulelei Formation in 
Locality G and GOK sites. 

Inset maps show the location of 
Olorgesailie (top) and stratigraphic 
locations for (A), (B), and (C). 

Positions and ages of dated 

samples are shown in italics. 
Stratigraphic relationships are 

based on field mapping of 

channel margins and lithologies 

(13). Dashed lines indicate 

inferred correlations between 

beds, whereas solid lines indicate 
correlations that are more traceable 

and secure. Colored lines in (B) 
correspond to geological boundaries 

in Locality B: black between the 
Olorgesailie and Oltulelei Formations, 
green and orange between three 

units of the Olkesiteti Member of the 
Oltulelei Formation, brown at the 

base of the Oltepesi Member, and 

red at the base of the Tinga Member. 
Numbers above columns are latitude- 
longitude positions and stratigraphic section 
designations. Lateral section positions 
are not to scale. 


was based on single-crystal total-fusion anal- 
yses, whereas later analyses advanced to single- 
crystal incremental heating procedures (5). 
These approaches together were applied to a 
total of 28 samples from about 20 tuffaceous 
units. We also applied the U-series dating 
method to siliceous rhizoliths in growth orien- 
tation preserved in a vitric tuff bed (13). 
Samples were obtained from the vicinity of 
archaeological sites in Localities B and G 
and archaeological and geological sites in Lo- 
cality A (Fig. 1 and table S2 provide sample 
locations and further details). 

The latest known Acheulean archaeological 
sites in the Olorgesailie Formation and the 
remains of the distinctive large-bodied graz- 
ing fauna associated with these sites are located 
in Members 11, 12, and 14 (2). Previous *°Ar/ 
3° ar ages constrained Member 11 to a 62-ka 
interval between underlying Member 10 at 
671 + 8 ka old and overlying Member 12 at 
609 + 6 ka old, with an age of 499 + 2 ka for 
Member 14: (9). New *°Ar/?°Ar age determina- 
tions for Member 11 tuffaceous deposits fur- 
ther constrain the archaeological materials 
in Member 11' to the lower part of the 6-ka 
interval from 615 to 609 ka ago (Fig. 1A). 
The 615-ka-old constraint is based on two 
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eee 
Table 1. Eastern African MSA and Acheulean middle Pleistocene sites with published K-Ar or °Ar/*°Ar age estimates from ~600 to 
~180 ka, excluding new Olorgesailie Formation (Member 11) analyses reported in this paper. Ages are recalculated using revised 
K decay constants (17) and astronomically calibrated standard ages [Fish Canyon Tuff sanidine, 28.201 Ma (18); Alder Creek Rhyolie sanidine, 
1.1848 Ma (19)]. 
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reinterpretation. 
above dated tuff. 


ages obtained on pumice from a poorly sorted 
silty sandstone containing and underlying the 
artifacts (615.7 + 6.9 ka from Locality A and 
614.7 + 5.2 ka from Locality B; a third result of 
626.6 + 7.7 ka from Locality A was rejected as 
being too old; supplementary text S3). 
Archaeological sites that we dated in the 
Olkesiteti Member of the Oltulelei Formation 
in Locality B occur within a 4- to 6-m-thick 
sequence of siltstones, sandstones, and con- 
glomerates, with occasional pumice gravels 
and vitric tuffs (Fig. 1B). The stratigraphically 
lowest MSA sites lie above an eroded surface 
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tAge assigned by stratigraphic correlation with Bodo sequence. 


of Member 9 of the Olorgesailie Formation 
(757 to 671 ka old). *°Ar/*°Ar ages were ob- 
tained from three sites (BOK-1E, BOK-2, and 
BOK-4; Fig. 1B) (J), all within a lateral dis- 
tance of 130 m. 

MSA site BOK-1E underlies a succession of 
vitric tuffs with concordant ages of 303.7 + 
8.4, 306.1 + 9.5, and 264.1 + 1.3 ka (section 
B10-01/B08-06, Fig. 1B). These are in turn over- 
lain unconformably by much younger pumice 
gravel of the Oltepesi Member of the Oltulelei 
Formation, which yielded an age of 158.5 + 
3.8 ka. Although the minimum age of the site is 


§Recalculated from sample 90-20 of (30). 


||Acheulean sites below and 


established by these dated tuffs at >305 ka, the 
maximum age is not similarly constrained and 
must be estimated through sedimentological 
arguments. We suggest an estimate of ~320 ka, 
based on considerations of fluvial sedimentology. 
This stratigraphic interval consists of a single 
upward-fining cycle with intervals of pedo- 
genesis, and, for this fluvial system, ~10 to 20 ka 
(i.e., 15 ka) of accumulation is considered a rea- 
sonable estimate (J6). 

Site BOK-2 (section B03-03, Fig. 1B) is sim- 
ilarly constrained by an overlying pair of vitric 
tuffs, which are potentially correlative to those 


3 of 4 


81072 ‘g Judy uo /610 Beweoualos eouelos//:dj]y Wod} pepeojumMoqg 


RESEARCH | REPORT 


above BOK-1E. Their ages are 305.2 + 6.8 and 
302.2 + 6.3 ka. The lowest dated tuff lies less 
than a meter above the BOK-2 artifact levels, 
without indication of a major unconformity. 
Site BOK-4 occurs within a filled channel 
incised into the BOK-1E/BOK-2 stratigraphy 
(section B06-02, Fig. 1B). *°Ar/®°Ar ages were 
obtained on seven pumice gravels intercalated 
with the artifact horizons within a ~2.5-m 
interval. For convenience, we grouped the 
gravels into a lower bed, a middle sequence of 
five dated gravels, and a capping gravel with 
ages of 297.0 + 3.2, 298.4 + 1.5, and 295.1 + 
6.4 ka, respectively. The entire episode of more 
than 4 m of channel cutting and filling at 
BOK-4 was completed in just ~6 to 7 ka after 
deposition of sites BOK-1 and BOK-2. In brief, 
the BOK sites began accumulating as early as 
~320 ka ago and terminated by ~295 ka ago. 

MSA sites in Locality G are distributed in 
a roughly north-south orientation over a dis- 
tance of ~1.1 km in strata of the Olkesiteti 
Member of the Oltulelei Formation (Fig. 1C). 
Most of the tuff samples that date these sites 
also are from this member. Six pumiceous tuff 
units were analyzed by the *°Ar/?°Ar method, 
with additional age control from U-series dating. 

The U-series sample, consisting of silica 
and carbonate replacing roots or stems in the 
oldest tuff unit in Locality G, yielded the pre- 
cise age of 277.1 + 1.8 ka (unit G-T1 in section 
G06-08, Fig. 1C). This tuff occurs in strata that 
overlie an erosional unconformity above the 
MSA archaeological material at GOK-1, which 
occurs in a thick (~2.5 m), well-developed red- 
dish paleosol (section GO8-01, Fig. 1C). Several 
factors suggest that this site is considerably 
older than the U-series date: its occurrence 
in a thick paleosol, the presence of an ero- 
sional unconformity at the top of the paleosol 
marking a cut-and-fill sedimentary cycle, and 
>1 m of strata beneath the dated tuff in sec- 
tion G06-08. These elements suggest that 
GOK-1 may be of antiquity equal to or greater 
than the BOK MSA sites. 

Multiple *°Ar/?°Ar results from pumice tuffs 
in Locality G above the level of the U-series 
date tightly constrain the age of the prolific 
MSA site GOK-1s (Fig. 1C). This site occurs 
within a few tens of centimeters of fine siltstone 
between the upper pair of a widespread group 
of three closely spaced tuffs, informally called 
the “Triple Tuffs” and assigned to the Oltulelei 
Tuffs (13). These tuffs yielded indistinguishable 
mean ages from 219.5 + 3.6 to 221.8 + 3.5 ka (Fig. 
1C). Using a Bayesian chronology model for the 
Locality G samples (fig. S7), we estimate that the 
duration of the stratigraphic interval of GOK-1s 
was <1.5 ka. 

MSA artifact sites GOK-3 and GOK-4 in 
Locality G are also constrained by the under- 
lying Triple Tuffs and by two overlying pumice 
horizons within ~1.5 m of the artifact levels: a 3- 
to 10-cm pumice tuff unit at 215.3 + 2.3 ka old 
(G-T6) and pumice gravel within the erosional 
base of a channel deposit at 207.1 + 4.4 ka old 
(G-T7) (Fig. 1C). 
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This sequence of precise dates from the 
Olorgesailie basin in the southern Kenya rift, 
relying primarily on the “°Ar/?°Ar technique but 
also using innovative U-series methodologies, 
provides secure chronostratigraphic constraints 
on the early establishment of MSA lifeways 
in eastern Africa and on the end of the Ac- 
heulean, which must have occurred by ~320 ka 
ago. Although the latest Acheulean site is 
found in Member 14 of the Olorgesailie For- 
mation at ~499 ka old, earlier variations in 
the Acheulean showing a greater degree of 
stone raw material selectivity for toolmaking— 
including rocks from distant sources, thus 
potentially anticipating aspects of MSA be- 
havior (2)—occur in Member 11 at ~615 to 
609, Member 12 at ~609, and Member 14 at 
~499 ka old. After a period of deep erosion 
at Olorgesailie between ~499 and ~320 ka 
ago, MSA technological innovations, including 
important cultural markers such as long- 
distance obsidian transport and pigment pro- 
cessing (J), were preserved in the Oltulelei 
Formation, beginning most likely by 320 and 
no later than 305 ka ago. These ages also imply 
that a major shift in the landscapes and mam- 
malian biota of the southern Kenya rift (2) had 
occurred by 320 ka ago. 

Our newly calibrated archaeological sequence 
provides a secure basis for comparison with 
the limited sample of other well-dated Acheulean 
and MSA occurrences in Kenya and elsewhere 
in Africa. Evidence for an increased pace of en- 
vironmental change that now is well documented 
in the Olorgesailie sequence suggests that eastern 
Africa was important to the development of MSA 
technological, social, and cognitive innovations in 
human behavior before 300 ka ago, as a key 
region fostering the development of a more 
widespread set of behavioral changes related 
to the emergence of H. sapiens. 
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STEM CELLS 


Cell cycle heterogeneity directs the 
timing of neural stem cell activation 
from quiescence 


L. Otsuki and A. H. Brand* 


Quiescent stem cells in adult tissues can be activated for homeostasis or repair. Neural stem 
cells (NSCs) in Drosophila are reactivated from quiescence in response to nutrition by the 
insulin signaling pathway. It is widely accepted that quiescent stem cells are arrested in Go. 

In this study, however, we demonstrate that quiescent NSCs (qNSCs) are arrested in either G2 
or Go. Go-Go heterogeneity directs NSC behavior: G2 qNSCs reactivate before Go qNSCs. In 
addition, we show that the evolutionarily conserved pseudokinase Tribbles (Trbl) induces G2 
NSCs to enter quiescence by promoting degradation of Cde25S*""? and that it subsequently 
maintains quiescence by inhibiting Akt activation. Insulin signaling overrides repression of Akt 
and silences trb/ transcription, allowing NSCs to exit quiescence. Our results have implications 
for identifying and manipulating quiescent stem cells for regenerative purposes. 


eural stem cells (NSCs) in Drosophila, like 
those in mammals, proliferate during em- 
bryogenesis, become quiescent in the late 
embryo, and then proliferate again (reac- 
tivate) postembryonically to produce neurons 
and glia (Fig. 1A and fig. S1A) (/, 2). A nutritional 


in Go. As expected, we did not detect the M phase 
marker phospho-histone H3 (pH3) in qNSCs (fig. 
SIB). Previous studies demonstrated that qNSCs 
do not express the G, marker cyclin E or incorpo- 
rate the S phase marker 5-bromo-2’-deoxyuridine 
(BrdU) or 5-ethynyl-2’-deoxyuridine (EdU) (7, 3, 6, 8). 


stimulus induces reactivation (3); specifically, 
dietary amino acids induce glial cells in the blood- 
brain barrier to secrete Drosophila insulin-like 
peptides (dILPs) (4, 5). dILPs activate the insu- 
lin signaling pathway in neighboring quiescent 
NSCs (qNSCs), prompting the NSCs to exit qui- 
escence (4, 6). 

Quiescent stem cells are widely accepted to be 
arrested in Go, a poorly understood state char- 
acterized by a 2n DNA content and a lack of ex- 
pression of cell cycle progression factors (7). We 
assessed whether Drosophila qNSCs are arrested 


A 


<— 24 hrs ——><— 24 hrs —><—— 120 hrs ———> 


Proliferation 
(post-embryonic) 


, 6—|="0-© 
° 


Proliferation Quiescence 


(embryonic) 


Reactivation 


However, we found that 73% of qNSCs expressed 
the G, markers cyclin A (CycA) and cyclin B (CycB) 
(Fig. 1B and fig. SIC). This finding suggests that 
most qNSCs are arrested in G, and that qNSCs 
are arrested heterogeneously in the cell cycle. 
We verified that ~75% of qNSCs were arrested 
in G» by comparing the fluorescent ubiquitination- 
based cell cycle indicator (FUCCI)-pH3 profiles of 
qNSCs and proliferating NSCs (Fig. 1, C and D, and 
fig. SID) (9, 10). CycA-positive (CycA*) qNSCs had 
twice the DNA content of CycA-negative (CycA’) 
qNSCs (Fig. 1E) and larger nuclei [30.5 + 0.66 1m? 


B Cc 


G2 phase 


1 
1 
assessment } 


10pm 


OALH fo} 
7, 
s oS Go 
¥ 
[ Cell cycle 


Fig. 1. qNSCs are arrested in Go or G2. (A) NSCs are smaller than proliferating NSCs and 
extend a primary process, which is retracted upon activation from quiescence. Proliferating 
NSCs in the embryo do not exhibit a primary process before entering quiescence. The cell cycle 
status of qNSCs is not known (as indicated by a question mark). (B) Among qNSCs (green), 
73% + 0.79% of cells expressed CycA (red). n = 10 tVNCs, ~150 NSCs each. (C) Cell cycle 
phase assessment with FUCCI and pH3. (D) Percentages of NSCs (outlined in bottom panels) 
in each cell cycle phase during quiescence. Colors correspond to phases as shown in (C). 

n= 5 tVNCs, ~150 NSCs each. ?, undetermined. (E) DAPI (4’,6-diamidino-2-phenylindole) 
intensities of CycA* and CycA~ qNSC nuclei were significantly different (P = 2.20 x 10°, 
Kolmogorov-Smirnov test). n = 10 tVNCs, ~75 NSCs each. Arbitrary units (A.U.) were defined 
such that 1 A.U. equals the mean DAPI intensity of the CycA” population. Error bars indicate 
SEM. (F) Features of G2 and Go qNSCs. Images are single-section confocal images, unless 
indicated otherwise, and anterior is up in this and all subsequent figures. 
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versus 18.1 + 0.32 um*; n = 10 thoracic ventral 
nerve cords (tVNCs), with ~75 NSCs each] than 
CycA” qNSCs. Thus, qNSCs exhibited two types of 
stem cell quiescence: The majority were arrested 
in Go, and a minority were arrested in Go (Fig. 1F). 
G» quiescence has not been reported previously 
for stem cells in mammals or Drosophila. 

The choice of G, or Go arrest could be stochastic 
or preprogrammed. We found seven Gg qNSCs in 
the first thoracic hemisegment, T1, and eight Go 
qNSCs each in T2 and T3. A consistent subset of 
NSCs were always arrested in Go, namely, NB2-2, 
NB2-4, NB2-5, NB3-4, NB5-3, and NB7-4 (cells are 
named according to their spatial origin in the 
neuroectoderm) (Fig. 2, A and B; fig. S2; and table 
Sl). Of these qNSCs, NB2-4 disappears from T1 
during embryogenesis (11, 12), explaining why 
fewer qNSCs are arrested in Gp in T1 than in T2 
and T3. NB5-4 and NB5-7 were arrested in G» in 
50% of hemisegments but were not always ar- 
rested in the same cell cycle phase on either side 
of the midline (fig. S2F). We conclude that, with 
the exception of NB5-4 and NB5-7, the choice of 
G, or Gp quiescence is entirely invariant. 

Is Go-Go heterogeneity in qNSCs significant? 
We assessed the reactivation of G2 and Gp qNSCs 
by tracking the expression of the reactivation 
marker worniu (wor) (fig. S3). More than 86% of 
G_ qNSCs reactivated by 20 hours after larval 
hatching (ALH), compared with 20% of Gp qNSCs 
(n = 10 tVNCs, ~150 NSCs each) (Fig. 2C). For 
example, NB3-4, a Go qNSC, reactivated in fewer 
than 7% of hemisegments (n = 10 tVNCs, six 
hemisegments each) (Fig. 2D). All NSCs reac- 
tivated by 48 hours ALH (fig. S3C). Thus, G2 qNSCs 
are faster-reactivating stem cells than Gp qNSCs. 

We next profiled gene expression in qNSCs 
using targeted DamID (TaDa) (13), identifying 
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Fig. 2. G2 qNSCs reactivate before Go qNSCs. (A) Maximum-intensity projection D 


of atVNC hemisegment, stained for Go (yellow) and Go (green; circled) qNSCs. Dashed 
lines indicate hemisegment boundaries. (B) Positions and identities of Gg NSCs (green) 
within a hemisegment. The dashed line represents the midline. MN, median neuroblast. 
[Schematic modified from (12)] (C) Quantification of Wor* Go or G2 qNSCs. n = 10 tVNCs, 
~150 NSCs each, per time point. ***P < 1.39 x 10, two-tailed paired t tests. Red lines 
indicate medians. (D) NB3-4 (Eg*; arrowheads) remains small and Wor negative at 

20 hours ALH, while neighboring G2 qNSCs have reactivated. 


Fig. 3. trbl regulates Gp A 
qNSCs. (A) trb/ reporter 
expression (green) in NSCs (red) 
before, during, and after quies- 
cence. Emb, embryonic stage. 
(B) Quantification of proliferating 
NSCs in control (CTRL) tVNCs 


Before 
quiescence 


Emb13 


trbI transcription 
OALH 


During 
quiescence 


After 48ALH 
reactivation fed 


(n = 10 tVNCs) versus trb[FP35!9 
mutant tVNCs (n = 8 tVNCs), 5um 
with ~120 NSCs per tVNC. — 
***P = 706 x 10™, Student's B.. erblEP519 = TrbI protein D GFP-Trbl 
t test. (C) Trbl protei 3 oy ee - + 
. protein expression a During quiescence OALH [Ramis —_ 
(green) in G2 (CycA*) or g 6 8 as 
Go (CycA’) gNSCs (red). Trbl = 2 80- ets 7 
GFSTF, Trbl tagged with EGFP- 4G 5 aa 
FIASH-Strepll-TEV-3xFlag. ca 7 
(D) Quantification of gNSCs in 2 204 —_¢—____ % 40;—e 
tVNCs with GFP-Trbl expression 5 oa 5 ood. 
‘ = °o co 

driven by grh-GAL4 04 — g eal 

; a won a ey Ry = 0d =: 
(grh-GAL4>GFP-Trbl tVNCs). & ot é 
and “+" denote GFP-Trbl” and s . 
GFP-TrbI* NSCs, respectively, E GFP-Trbl in a subset of NSCs 


n=9tVNCs, ~150 NSCs each. 
***P = 3.90 x 10+ Wilcoxon 
signed-rank test. Red lines in 
(B) and (D) indicate medians. 
(E) In grh-GAL4>GFP-Trbl brains, 
GFP-TrbI* NSCs (indicated by 


24ALH, 29 °C 


green outlines) do not incorporate EdU, but control NSCs (indicated by yellow arrowheads) do. 


1656 genes. Corresponding Gene Ontology (GO) 
terms included “nervous system development” 
(35 genes; corrected P value, 2.70 x 10°°) and 
“neuroblast [NSC] development” (10 genes; cor- 
rected P value, 8.40 x 10~*) (tables $2 and $3). To 
identify quiescence-specific genes, we eliminated 
genes common to quiescent and proliferating 
NSCs (13), such as deadpan (dpn) (fig. S4, A and 
B). tribbles (trbl) is one of the most significantly 
expressed protein-encoding genes specific to qNSCs 
(fig. S4C). trbl encodes an evolutionarily conserved 
pseudokinase with three human homologs that 
have been implicated in insulin and mitogen- 
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activated protein kinase signaling [reviewed in 
(14)]. We confirmed that trb/ labels quiescent but 
not proliferating NSCs in vivo (Fig. 3A and fig. S4, 
D to F). To date, no other gene that labels qNSCs 
specifically has been identified. 

trol is necessary for quiescence entry, as NSCs 
continued to divide during late embryogenesis in 
trbl hypomorphic mutants or when trbl was 
knocked down specifically in NSCs (Fig. 3B and 
fig. S5, A to D). trbl regulates quiescence entry 
specifically, without affecting division mode or 
cell viability (fig. S5, E and F). The ectopically 
dividing NSCs in the trbi“”**”? mutant were Go, 


GO vs G2 reactivation 


0 4 #8 12 #16 20 
Hours after larval hatching 


NB3-4 (GO qNSC) 


not Go, NSCs (fig. S5G). G. but not Gg NSCs also 
became significantly smaller in trbt””"” mutants 
(fig. S5, H to J). As embryonic NSCs do not regrow 
between cell divisions (15), the size reduction is 
consistent with excessive divisions. Consistent with 
a function in Gy quiescence, Trbl was expressed 
primarily in G, qNSCs (Fig. 3C and fig. S5K). 

Trbl is also required to maintain quiescence. 
RNA interference-mediated knockdown of trbl 
in qNSCs caused NSCs to leave quiescence and 
divide (fig. S5, Land M). We generated transgenic 
flies carrying upstream activation sequence-green 
fluorescent protein (GFP)-Trbl and drove expres- 
sion with grainyhead (grh)—GALA (4) to assess 
whether Trl is sufficient to maintain G. quiescence. 
grh-GALA expression is initiated at quiescence en- 
try and occurs in ~67% of NSCs, allowing compari- 
son between neighboring GFP-Trbl-expressing 
and nonexpressing NSCs. Almost all (91.8 + 
0.88%; n = 10 tVNCs, ~120 NSCs each) GFP- 
Trbl-expressing NSCs remained in Gy quiescence 
and expressed CycA (Fig. 3, D and E, and fig. S6). 
GFP-Trbl-expressing NSCs retained the primary 
process that is extended specifically by quiescent 
NSCs (Fig. 1A), unlike control NSCs, which had 
begun to divide (fig. S6, B and C) (/, 4, 16). Thus, 
Trbl is sufficient to maintain Gy quiescence. 

In the embryonic mesoderm, trb/ induces G2 
arrest by promoting Cdc25°""* protein degrada- 
tion (17-19). We found that Cdc255"™® protein 
was reduced in NSCs at quiescence entry but that 
cde25°%""S mRNA was maintained (Fig. 4A). There- 
fore, Cdc255"™S is regulated posttranscriptionally 
at quiescence entry. Significantly more NSCs were 
positive for Cdc25°"™ protein in trbE?”? mu- 
tants than in controls (Fig. 4B and fig. S7, A and B). 
This increase in Cdc25°"""® is sufficient to explain 
the excessive NSC proliferation in trb/ mutants 
(fig. S7, C and D). Thus, Trbl initiates quiescence 
entry by promoting Cdc25°"™ protein degrada- 
tion during late embryogenesis. 

Trbl also maintains NSC quiescence postem- 
bryonically; however, it must act through another 
mechanism, as Cdc255"8 is no longer expressed 
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Fig. 4. Trbl induces and maintains quiescence through different mechanisms. (A) (Top) 
Maximum-intensity projections showing Cdce25S*"'"€ protein (prot.) (green) expression in NSCs (red) 
before and during quiescence (percentages are means + SEM). n = 10 tVNCs, ~130 NSCs each, 
per time point. (Bottom) In situ hybridization against cdc25°*""® mRNA at the same stages. 

(B) Percentages of Cdc25S*""" protein* NSCs in control (trb/-3°!9 heterozygote) tVNCs versus 


mutant tVNCs. n = 10 tVNCs, ~110 NSCs each, per 


genotype. ***P = 9.08 x 10°°, Kolmogorov-Smirnov 


test. (C and D) Quantification of qNSCs in epistasis experiments between GFP-Trbl and Akt**T (C) or 
PI3K“CT (D). n > 10 tVNCs, ~80 NSCs each, per condition. ***P < 3.39 x 10°%: ns, not significant 
(P > 0.05), one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. In (D), there is 
no significant difference between GFP-Trbl alone and GFP-Trbl plus PI3K“°". Red lines in (B) to (D) 
indicate medians. (E) Three-step model for Trbl activity. 


in postembryonic qNSCs (fig. S8A). Trbl is known 
to inhibit insulin signaling by binding Akt and 
preventing its phosphorylation (fig. S8B) (20). 
Consistent with this, Trbl-expressing NSCs had 
less phosphorylated translation initiation factor 
4E-binding protein (p4E-BP) than control NSCs 
(fig. S8C). If Trbl inhibits Akt to maintain quies- 


cence, constitutively active Akt (myr-Akt; here- 
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after Akt“) (27) should counteract Trbl-induced 
quiescence. Akt“ fully rescued NSC reactiva- 
tion (Fig. 4C and fig. S8D). In contrast, as Trbl is 
thought to act downstream of phosphatidylinositol 
3-kinase (PI3K) (20), constitutively active PI3K 
(ap110““*; hereafter PI3K““) (22) should not 
rescue reactivation, which it did not (Fig. 4D and 
fig. S8D). Thus, Trbl maintains quiescence by 


blocking activation of Akt. This role is specific to 
postembryonic NSCs, as embryonic NSCs do not 
depend on insulin signaling to proliferate (fig. SSE). 

trbl expression must be repressed to allow 
NSC reactivation. We found that insulin signal- 
ing is necessary and sufficient to repress trbl 
transcription. NSCs misexpressing phosphatase 
and tensin homolog (PTEN), an insulin pathway 
inhibitor, failed to down-regulate trb/ transcrip- 
tion (fig. S8F). In contrast, activating the insulin 
pathway by expressing Akt“ in NSCs was suf- 
ficient to switch off trbl transcription (fig. S8G). 

We have discovered the mechanisms by which 
Drosophila NSCs enter, remain in, and exit quies- 
cence in response to nutrition (Fig. 4E). First, Trbl 
pseudokinase promotes degradation of Cdc255""™* 
protein to induce quiescence; second, it blocks 
insulin signaling by inhibiting Akt in the same 
NSCs to maintain quiescence; and third, it is 
overridden by nutrition-dependent secretion of 
dILPs from blood-brain barrier glia, which ac- 
tivate insulin signaling in qNSCs, repress trbl 
expression, and enable reactivation. 

We found that qNSCs are preprogrammed for 
arrest in Gz or Go, contrary to accepted doctrine. 
G, qNSCs are the first to reactivate and generate 
neurons; this is followed by reactivation of Gg 
qNSCs. This pattern may ensure that neurons 
form the correct circuits in the appropriate order 
during brain development. G, arrest also en- 
ables high-fidelity homologous recombination- 
mediated repair in response to DNA damage, 
preserving genomic integrity during quiescence. 
Quiescent stem cells in mammals may also arrest 
in Go, with implications for isolating and ma- 
nipulating quiescent stem cells for therapeutic 
purposes. 
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Real-time imaging of DNA loop 
extrusion by condensin 


Mahipal Ganji,’ Indra A. Shaltiel,?* Shveta Bisht,”* Eugene Kim,’ Ana Kalichava,' 


Christian H. Haering,”+ Cees Dekker’ 


It has been hypothesized that SMC protein complexes such as condensin and cohesin spatially 
organize chromosomes by extruding DNA into large loops. We directly visualized the 
formation and processive extension of DNA loops by yeast condensin in real time. Our 
findings constitute unambiguous evidence for loop extrusion. We observed that a single 
condensin complex is able to extrude tens of kilobase pairs of DNA at a force-dependent speed 
of up to 1500 base pairs per second, using the energy of adenosine triphosphate hydrolysis. 
Condensin-induced loop extrusion was strictly asymmetric, which demonstrates that 
condensin anchors onto DNA and reels it in from only one side. Active DNA loop extrusion by 
SMC complexes may provide the universal unifying principle for genome organization. 


he spatial organization of chromosomes is 

of paramount importance to cell biology. 
Members of the SMC (structural mainte- 
nance of chromosomes) family of protein 
complexes, including condensin, cohesin, 

and the Smc5/6 complex, play vital roles in re- 
structuring genomes during the cellular life cycle 
(1-3). The principles by which SMC complexes 
achieve these fundamental tasks are still incom- 
pletely understood. Models based on random 
cross-linking of DNA by pairwise interactions or 
conformational changes in the DNA superhelicity 
have been proposed (4, 5). An alternative hypoth- 
esis suggested that SMC protein complexes pro- 
cessively enlarge small loops in the genome (6), 
which would elegantly explain how condensin 
mediates the formation of mitotic chromosome 
structures observed in electron micrographs and 
deduced from Hi-C chromosome conformation 
mapping experiments (7, 8). Indeed, polymer sim- 
ulations showed that loop extrusion can, in prin- 
ciple, result in the efficient disentanglement and 
compaction of chromatin fibers (9-11). The recent 
discovery that condensin exhibits DNA translocase 
activity (12) was consistent with, but did not pro- 
vide conclusive evidence for (13), DNA loop extrusion. 
Here, we visualized the formation of DNA loops 
by the Saccharomyces cerevisiae condensin com- 
plex in real time (Fig. 1A). We tethered both ends 
of a double-stranded 48.5-kilobase pair (kbp) 
A4-DNA molecule to a passivated surface (14, 15), 
using the buffer flow rate to adjust the DNA end- 
to-end length to a distance much shorter than 
its contour length (Fig. 1B). We then imaged DNA 
after staining with Sytox Orange (SxO; Fig. 1C 
and movie S1). Upon flushing in 1 nM condensin 
(12) and 5 mM adenosine triphosphate (ATP), we 
observed the accumulation of fluorescence den- 
sity at one spot along the length of the DNA (Fig. 1, 
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D and E, fig. S1, and movie S2). This finding shows 
that condensin induces local compaction of DNA. 

To visualize the compacted DNA structures in 
the imaging plane of the microscope, we applied 
flow at a large angle with respect to the double- 
tethered DNA. This revealed that the bright spots 
were made up of extended pieces of DNA, consist- 
ent with single large DNA loops (Fig. 1, F and G, 
fig. S2, and movie S3). We observed no DNA loop 
formation by wild-type condensin in the absence 
of either ATP or Mg”*, nor when we replaced ATP 
by the nonhydrolyzable analogs ATPyS or AMPPNP, 
nor when we used a mutant condensin that is 
unable to bind ATP. Condensin hence creates 
DNA loops in a strictly ATP hydrolysis-dependent 
manner, either by gradually extruding DNA or 
by randomly grabbing and linking two DNA loci. 

To distinguish between these two possibilities, 
we monitored the looping process by real-time 
imaging of the DNA while applying constant 
flow. This revealed the gradual appearance of an 
initially weak increase in fluorescence intensity 
at a local spot that grew into an extended loop 
over time (Fig. 2A, fig. S3, and movies S4 and S5), 
providing direct visual evidence of loop extrusion 
and ruling out the random cross-linking model. 
The extruded loops were in general stable (fig. S4), 
although they occasionally disrupted spontane- 
ously in a single step (Fig. 2A and movie S6). Such 
a single-step disruption suggests that the DNA 
loop had been extruded by a single condensin 
unit that spontaneously let go of the loop, instead 
of a multistep relaxation of the loop due to mul- 
tiple units. Imaging at higher temporal resolution 
allowed us to resolve the two individual DNA 
strands in the extruded loop in consecutive time 
frames. This demonstrated that condensin had 
extruded an actual loop rather than an inter- 
twined, supercoiled, or otherwise connected 
structure (Fig. 2B, fig. S5, and movie $7). 

To quantify the kinetics of loop extrusion, we 
returned to imaging in the absence of flow. We 
constructed kymographs from movies where the 
loop first nucleated as a single weak fluorescent 
spot that subsequently expanded in size over time 
(Fig. 3, A and B, and movie S8). We divided each 


line of the kymograph into the regions outside 
the loop (I and IID and the DNA loop region itself 
(IJ) and calculated, for every frame, the DNA 
lengths from the fluorescence intensity in each 
region (Fig. 3C and fig. S6A). This revealed the 
extrusion of sizable amounts of DNA into the loop 
(region II), ranging from 5 to 40 kbp (the upper 
limit of our assay) before reaching a plateau (fig. 
S6, B and C). Simultaneously, the DNA content 
of one of the two outside regions (IIT) decreased 
by the same amount, whereas the DNA content 
of the other outside region (1), surprisingly, did 
not change at all during the loop extrusion pro- 
cess (Fig. 3, D to F). This result was consistent in 
all loop extrusion events that we analyzed quan- 
titatively (NV = 36; fig. S6, B to D) and shows that 
the loop extrusion process is asymmetric—a find- 
ing that is in stark contrast to theoretical loop ex- 
trusion models that have so far been based on 
two linked motor domains that translocate along 
the DNA in opposite directions, thereby reeling 
in DNA symmetrically from both sides (9-11). 
The asymmetry can be explained if one site in 
the condensin complex remains stably anchored to 
the DNA while its motor site translocates along the 
same DNA. A candidate for such a DNA anchor site 
is the charged groove formed by the Ycg1 HEAT- 
repeat and Brn kleisin subunits (16). When we 
repeated the loop extrusion experiments with a mu- 
tant condensin that is unable to firmly entrap DNA 
within the groove, the extruded loops no longer 
remained stable over time, but instead changed 
size and frequently changed position (Fig. 3G and 
fig. S7), resulting in a DNA decrease in one outside 
region and an increase in the other outside re- 
gion (compare the green curves in Fig. 3, C to G). 
Furthermore, when we increased the NaCl and 
Mg”* concentrations of the buffer, we observed un- 
idirectional motion of the extruded loop (fig. S8). 
The weakening of a stable anchoring point in both 
experiments is consistent with slippage of DNA 
through the safety belt. The latter finding also 
explains the observation of condensin transloca- 
tion on DNA under the same buffer conditions (12). 
We can estimate the speed of DNA loop extru- 
sion from the slopes of the initial linear part of the 
extrusion curves, which yield an average rate of 
0.6 kbp/s. As expected, this rate depends on the 
concentration of ATP (fig. S9) and the ability of 
condensin to bind and hydrolyze ATP (Fig. 3H). 
Correlation with the end-to-end lengths of individ- 
ual DNA molecules showed that the speed and 
efficiency of loop extrusion strongly depended 
on the relative extension of the DNA, with rates 
of up to ~1.5 kbp/s and >80% of all DNA molecules 
displaying loop extrusion at lower DNA extensions 
(Fig. 3I and fig. S10). Although a direct compar- 
ison with Hi-C experiments is impeded by the 
complexity of chromosomes in cells, it is none- 
theless remarkable that condensation rates cal- 
culated by this method for condensin II (0.1 to 
0.2 kbp/s) (77) or a bacterial SMIC complex (0.9 kbp/s) 
(18) are of the same order of magnitude. We note 
that our assay provides a direct measurement 
of the condensation rate by individual condensin 
molecules, as it avoids any ambiguity about 
roadblocks or multiple condensin units working 
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in series or in parallel at different positions on 
the DNA. 

The dependence of the extrusion rate on the 
DNA end-to-end length can be understood as a 
force dependence: As the loop is extruded, the 
amount of DNA between the two attachment 
points (excluding the loop) decreases correspond- 
ingly, thus continuously increasing the tension 
within the DNA (19) (to 1.2 + 0.5 pN; N = 23; see 
supplementary materials) until the loop extru- 
sion process stalls (see, for example, Fig. 3D). We 
used the known force-extension relation for DNA 
to plot the loop extrusion rate versus force, which 
revealed a steep dependence on force (Fig. 3J 
and fig. S11). This very strong force dependence, 
where the loop extrusion rate drops substantially 
near 0.4 pN, is consistent with previous magnetic 
tweezer experiments (20-22), which also reported 
condensation rates that match the loop extrusion 
rates that we measured at similar forces (Fig. 3J). 
Together, these findings show that condensin is a 
fast, yet weak, loop-extruding motor that rapidly 
stalls against a modest force applied to the DNA. 

We measured an ATP hydrolysis rate of ~2 
molecules/s for condensin in the presence of DNA 
(fig. S12A). Notably, such a bulk estimate only pro- 
vides a lower limit of the adenosine triphosphatase 
(ATPase) activity of condensin complexes in the 
active loop extrusion process, because non-DNA- 
bound condensin molecules and complexes that 


have stalled on the DNA are included in these 
assays. If we nonetheless assume, for the sake 
of argument, that condensin hydrolyzes two ATP 
molecules in the course of extruding ~110 nm 
(~0.6 kbp) of the folded DNA every second, it 
would take discrete condensation steps on the 
order of the 50-nm size of a single condensin 
complex. Scenarios that explain such large steps 
must be very different from those for conven- 
tional DNA motor proteins that move in single- 
base pair increments (23). An accurate model 
would need to take into account the flexibility 
of DNA, such that for low forces, condensin can 
reach nearby spots on the folded DNA to occasional- 
ly capture and extrude much longer stretches of 
DNA than the condensin size itself (12, 24, 25). 
This would be consistent with the very strong force 
dependence of the extrusion rate that we observe. 

Finally, we labeled purified condensin holocom- 
plexes with a single ATTO647N fluorophore (fig. S12) 
and co-imaged them with SxO-labeled DNA in a 
HILO (highly inclined and laminated optical) sheet 
mode (26). As expected, ATTO647N-condensin 
frequently localized to the stem of the extruded 
DNA loop (Fig. 4A, fig. S13, and movies S9 and S10). 
Using real-time monitoring, we consistently ob- 
served DNA binding of condensin in a single-step 
appearance, followed by DNA loop extrusion and 
finally single-step bleaching (Fig. 4B and figs. S14 
and S15; N = 20). This sequence of events un- 
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ambiguously demonstrates that the DNA loop was 
extruded by a single condensin complex. Kymographs 
also revealed another class of condensin binding and 
unbinding events with a short dwell time that did 
not lead to DNA loop extrusion (fig. SI6A). These 
were the only DNA binding events in the absence 
of ATP (fig. SI6GB). Furthermore, we observed events 
where a DNA loop disrupted while condensin stayed 
bound to the DNA and later started to extrude a new 
DNA loop (fig. $14, D and E). Hence, during the pro- 
cess of loop disruption, condensin spontaneously 
releases the extruded loop rather than dissociating 
from the DNA. 

Quantification of the ATTO647N-condensin 
intensity provided further evidence that it is a 
single condensin complex that locates to the stem 
of the DNA loop. We compared the fluorescence 
intensity for three cases: (i) condensin binding 
events that led to DNA loop extrusion, (ii) con- 
densin bleaching events, and (iii) temporary binding 
events that did not lead to loop extrusion. All three 
cases revealed the same change in intensity (Fig. 4C), 
showing that a single condensin complex localizes 
to the stem of the DNA loop (Fig. 4D). If two con- 
densin complexes had assembled at the loop stem, 
the expected result would be a bimodal intensity 
distribution with two peaks of similar height 
for single- and double-labeled condensin dimers 
(based on a labeling efficiency of 60 to 85%; see 
supplementary materials). Instead, we observed 


Fig. 1. Single-molecule assay for the 
visualization of condensin-mediated DNA 
looping. (A) Cartoon representation of 

the S. cerevisiae condensin complex. 

(B) Side- and top-view schematics of DNA 
that is doubly tethered to a polyethylene 
glycol (PEG)-passivated quartz surface via 
streptavidin-biotin linkage. (©) Snapshot 

of a double-tethered 2-DNA molecule 
(exposure, 100 ms) visualized by Sytox 
Orange (SxO) staining. Note the homogeneous 
fluorescence intensity distribution along 

the DNA. Dashed magenta circles indicate 
the surface attachment sites of the DNA. 
(D) Side- and top-view diagrams showing 
DNA loop formation on double-tethered DNA 
by condensin. (E) Snapshot of condensin- 
mediated DNA loop formation at one spot 
(indicated by the yellow arrow) along a 
SxO-stained DNA molecule. (F) Strategy to 
visualize DNA loops. Application of flow 
perpendicular to the axis of the immobilized 
DNA extends the loop within the imaging 
plane. (G) Snapshot of an extended DNA loop 
that is stretched out by flow (white arrow) 
perpendicular to the DNA, as illustrated in (F). 
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Fig. 2. Real-time imaging of DNA loop 
extrusion by condensin. (A) Series 

of snapshots showing DNA loop extrusion 
intermediates created by condensin on a 
SxO-stained double-tethered 4-DNA (movie 
$3). A constant flow at a large angle to 

the DNA axis (white arrow) maintains the 
DNA in the imaging plane and stretches 

the extruded loop. A yellow arrow indicates 
the position of the loop base. At ~40 s, a small 
loop appears that grows over time until 

~80 s, consistent with the loop extrusion 
model. A random linkage model would instead 
have predicted the sudden appearance of a 
loop that remains stable in size over time. 
After ~600 s, the loop suddenly disrupted. 
Schematic diagrams under each snapshot are 
for visual guidance. (B) Imaging at high 

time resolution reveals the splitting of the 
two DNA strands in the extruded loop in 
adjacent time frames. 


Fig. 3. Loop extrusion is asymmetric and 
depends on ATP hydrolysis. (A) Snapshots 
showing the gradual extension of a DNA loop 
(yellow arrow) on a double-tethered 2-DNA 
molecule. (B) Kymograph of SxO fluorescence 
intensities shown in (A). (©) DNA lengths 
calculated from the integrated fluorescence 
intensities and the known 48.5-kbp length of 
the 4-DNA in the kymograph of (B) for regions 
outside the loop (I and III) and the loop region 
itself (Il). (D to F) Fluorescence kymographs 
(left) and intensity plots (right) of a more 
stretched DNA molecule (end-to-end distance 
9.1 um) where the DNA loop stalls midway 

(D), of a DNA molecule where loop extrusion 
starts in the center and continues until reaching 
the physical barrier at the attachment site 

(E), and of a loop extrusion event that abruptly 
disrupts in a single step. (@) Kymograph and 
intensity plot for loop extrusion by a safety-belt 
condensin mutant complex, which displays 
dynamic changes of all three DNA regions and 
of the loop position. (H) Average loop extrusion 
rates (mean + SD) under various conditions; 
WT, wild type. (I) Rate of loop extrusion versus 
relative DNA extension in relation to its 20-um 
contour length. Solid circles are calculated 
from region Il, open circles from region Ill; the 
line serves as a visual guide. (J) Rate of loop 
extrusion plotted versus the force exerted 

within the DNA as a result of increased DNA 
stretching upon increase of the loop size. 

The line serves as a visual guide. 
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Fig. 4. Loop extrusion is induced by a single condensin complex. (A) Images of the same field 

of view of SxO-stained DNA (top left), ATTO647N-labeled condensin (top right), and their merge (bottom) 
reveal condensin at the stem of an extruded DNA loop (yellow arrow). Images are integrated over 2 s of a 
movie. (B) Kymographs of SxO-stained DNA (top left), ATTO647N- condensin (top right), and their merge 
(bottom left) of a real-time movie of DNA loop extrusion. The corresponding ATTO647N fluorescence time 
trace (bottom right) shows single-step binding and single-step photobleaching events of the DNA-bound 
condensin. (C) Fluorescence intensity distributions for condensin binding events that led to DNA-loop 
extrusion (left), condensin bleaching in such events (center), and binding events that did not lead to loop 
extrusion (right) measured under similar optical conditions. (D) Histogram of the number of condensin 
complexes that show loop extrusion activity, as counted from the fluorescence steps. (E) Model for DNA loop 
extrusion by condensin. One strand of DNA is anchored by the kleisin and HEAT-repeat subunits (yellow- 
orange) of the condensin complex, which extrudes a loop of DNA. 


no two-step bleaching events, a majority fraction 
(33/40) of single-step bleaching events, and a 
small fraction of DNA molecules (7/40) that 
showed DNA loop extrusion without any visible 
fluorescence (fig. S17), as expected for a labeling 
efficiency of 82%. 

Although SMC complexes are vital for chromo- 
some organization in all domains of life, the molec- 
ular basis for their action had remained largely 
speculative. Our experiments unambiguously dem- 
onstrate that condensin exhibits DNA loop extrusion 
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activity. Our real-time single-molecule dual-color 
movies of condensin and DNA reveal that loops are 
extruded by a single condensin complex at the stem 
of the loop in a manner that is ATP hydrolysis- 
dependent, strictly asymmetric, and highly sensitive 
to forces applied to the DNA. These properties can be 
explained by a model (Fig. 4E) where condensin 
makes stable contact with DNA at a binding site 
and then reels in DNA from only one side. The visual 
proof that condensin is a loop-extruding enzyme 
reveals the key principle that underlies the orga- 


nization of genome architecture by condensin 
and most likely all other SMC protein complexes. 
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STEM CELLS 


Hepatic thrombopoietin is required 
for bone marrow hematopoietic 
stem cell maintenance 


Matthew Decker, Juliana Leslie, Qingxue Liu, Lei Ding* 


Hematopoietic stem cell (HSC) maintenance depends on extrinsic cues. Currently, 

only local signals arising from the bone marrow niche have been shown to maintain 

HSCs. However, it is not known whether systemic factors also sustain HSCs. We assessed 
the physiological source of thrombopoietin (TPO), a key cytokine required for maintaining 
HSCs. Using Tpo?s®e¢-CreER knock-in mice, we showed that TPO is expressed by hepatocytes 
but not by bone marrow cells. Deletion of Tpo from hematopoietic cells, osteoblasts, 

or bone marrow mesenchymal stromal cells does not affect HSC number or function. 
However, when Tpo is deleted from hepatocytes, bone marrow HSCs are depleted. Thus, a 
cross-organ factor, circulating TPO made in the liver by hepatocytes, is required for bone 
marrow HSC maintenance. Our results demonstrate that systemic factors, in addition to the 
local niche, are a critical extrinsic component for HSC maintenance. 


ematopoietic stem cells (HSCs) reside pri- 
marily in the bone marrow and are main- 
tained by extrinsic cues that arise from 
supporting niche cells (7). Endothelial cells 


through, these local niche cells (7). However, ol- 
faction maintains hematopoietic progenitors 
through systemic y-aminobutyric acid (GABA) 
levels in Drosophila (8), suggesting that long- 


(2, 3) and perivascular mesenchymal stro- 
mal cells (2-6) are critical components of the 
bone marrow niche. Growing functional genetic 
evidence suggests that HSCs are maintained largely 
through signals arising directly from, or mediated 


range signals may be able to directly maintain 
mammalian HSCs. 

No such distal maintenance factors have 
yet been identified in the mammalian hema- 
topoietic system, although long-range cues, 


Fig. 1. TPO is expressed A 
by hepatocytes but not 
by bone marrow cells. 


BM: whole bone marrow 
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such as estrogen from the ovaries and ery- 
thropoietin from the kidneys, can acutely stim- 
ulate HSC proliferation and dictate HSC and 
progenitor differentiation (9, 10). Neurotrans- 
mitters from the nervous system can mobilize 
HSCs, but this effect is mediated through mes- 
enchymal stromal cells in the niche (77). There- 
fore, evidence indicates roles for long-range 
cues that modify HSC behavior, but direct 
evidence for constant maintenance of HSCs 
by a cross-organ long-range systemic factor is 
lacking. 

Signaling of the hematopoietic cytokine 
thrombopoietin (TPO) through its receptor c- 
MPL is essential for thrombopoiesis (12-14) 
and HSC maintenance (J5-17). Patients with 
loss-of-function mutations in c-MPL or TPO 
develop congenital amegakaryocytic thrombo- 
cytopenia and subsequent bone marrow failure 
(18-20). Tpo mRNA is expressed by multiple 
cell types, including hepatocytes (14, 21), osteo- 
blasts (17), megakaryocytes (22, 23), and stromal 
cells (21, 24). However, Tpo is under stringent 
translational control by inhibitory elements in 
the 5’ untranslated region (25), so it is not clear 
whether any of the above-mentioned cell types 
actually synthesize TPO protein. Tpo has not 
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been conditionally deleted from any cell types 
to assess its source for HSC maintenance. Thus, 
itis not clear how TPO maintains bone marrow 
HSCs in vivo. Loss of hepatic TPO leads to low 
platelet counts (26), showing that TPO from 
the liver regulates thrombopoiesis. 

Using quantitative reverse transcription poly- 
merase chain reaction (qRT-PCR) analysis, we 
found that Tpo transcripts were enriched in 
osteoblasts, mesenchymal stromal cells, and the 
liver (Fig. 1A and fig. S1, A and B), consistent with 
previous reports (14, 17, 21, 27). To systemically 
assess the expression of TPO protein, we gen- 
erated Tpo?e¢CreER knock-in mice by replacing 
the stop codon of Tpo with a P2A-DsRed-P2A- 
CreER cassette (fig. S1, C to F). The P2A ele- 
ments allow the translation of TPO, DsRed, and 
CreER recombinase under the control of Tpo 
endogenous regulatory elements. This arrange- 
ment enabled us to monitor the translational 
expression of TPO in vivo. We then generated 
TpoP e-CreER Toa ZsGreen mice (Fig. 1B). Con- 
sistent with the low expression level of To in vivo 
(25), no DsRed fluorescence was detected (Fig. 1, 
C to F). However, upon tamoxifen (TMX) ad- 
ministration to 8-week-old mice, we detected 
broad and specific expression of ZsGreen in 
hepatocytes (Fig. 1, G to J, and fig. S1, G to O). We 
also observed rare ZsGreen” cells in the kidney 
(fig. SIP). However, no ZsGreen* bone marrow 
cells could be detected (Fig. 1, K to N, and fig. 
S1Q). Thus, TPO is generated by hepatocytes but 
not by cells in the bone marrow. 

We generated a loss-of-function allele of Tpo 
(Tpo0% ) by recombining a gene encoding enhanced 
green fluorescent protein (gp) into the start codon 
of Tpo (fig. S2, A to C). As expected, Tpo tran- 
scripts were depleted from Tpo*””“” mouse livers 
(fig. S2D). Consistent with earlier reports (28, 29), 
whole-body loss of TPO led to reduced platelet 
counts (fig. $3, A to C) and reduced numbers of 
megakaryocytes (fig. S3, D to J). Bone marrow 
from Tpo®?/*? mice had normal cellularity, but 
CD150*CD48" Lin Scal*cKit* HSC frequency (the 
percentage of live whole bone marrow cells) 
decreased about 70-fold compared with the 
frequency in Tpo*/* controls (fig. S3, K to M). 
CD150° CD48" Lin Scal*cKit* multipotent progen- 
itor (MPP) (30) and Lin Scal*cKit* (LSK) hemato- 
poietic progenitor frequencies declined by 10- and 
3-fold, respectively (fig. S3, N and O). Lineage- 
restricted hematopoietic progenitors appeared 
normal, except that CD34*FcyR Lin ScalcKit* 
common myeloid progenitors (CMPs) were re- 
duced (fig. S3P). Bone marrow and spleen cells 
from Tpo®”’*? mice formed fewer colonies in 
methylcellulose (fig. S3Q). Spleen cellularity did 
not change, but spleen HSC frequency was reduced 
(fig. $3, R and S). Tpo*/” heterozygous mice dis- 
played intermediate phenotypes (fig. S3). Thus, TPO 
is a major factor required for HSC maintenance. 

We generated a floxed allele of Tpo (Tpo”) by 
inserting lorp sequences flanking exons 2 to 4 
of Tpo (fig. S4, A to C). Recombination of the 
loxp sites will lead to the deletion of the start 
codon and the generation of a frameshift. We 
recombined the 7po” allele in the germ line to 
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Fig. 2. Osteoblasts and mesenchymal stromal cells are not critical sources of TPO for 
HSC maintenance. (A to C) Cellularity (A), HSC frequency (B), and bone marrow 
colony-forming cell frequency (C) were normal in Col2.3-cre;Tpo’® mice (n = 4 to 5 mice). 
D) Bone marrow cells (5 x 10°) from Col2.3-cre;Tpo"® mice gave normal donor cell 
reconstitution compared to controls (in two experiments with a total of eight to nine recipient 
mice per genotype). (E to G) Cellularity (E), HSC frequency (F), and bone marrow 
colony-forming cell frequency (G) were normal in Lepr-cre;Tpo“”®? mice (n = 5 to 6 mice). 
H) Bone marrow cells (5 x 10°) from Lepr-cre;Tpo“”® mice gave normal levels of donor cell 
reconstitution compared to controls (in two experiments with a total of eight recipient 

mice per genotype). Controls (Con), Col2.3-cre;Tpo*”®”, Lepr-cre;Tpo*”®"”, or Tpo"”®" mice. 
A/gfp, Col2.3-cre;Tpo’®” or Lepr-cre;Tpo“”®” mice. Data are means + SD. ns, not significant 
P > 0.10). 
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(A to D) Confocal images of liver sections from Alb-cre;loxpTdTomato 
(Alb-cre;loxpTdT) mice. HNF4a, hepatocyte nuclear factor 4—-a. 

(E) Platelet counts were decreased in Alb-cre;Tpo™”" mice (n = 4). 

(F) Bone marrow CD41* cell frequency was decreased in Alb-cre; 

Tpo"' mice (n = 5 to 7). (G) Cellularity was normal in the bone marrow 
and spleens from Alb-cre;Tpo"” mice (n = 5 to 6). (H) HSCs were 
depleted in the bone marrow but not in spleens from Alb-cre;Tpo™” mice 
(n = 6 to 8). (land J) Colony-forming cell numbers were decreased in the 
bone marrow and trended lower in spleens (SPL) from Alb-cre; 


megakaryocyte; GM, granulocyte-macrophage; GEMM, granulocyte- 
erythrocyte-monocyte-megakaryocyte. (K) Bone marrow cells 

(5 x 10°) from Alb-cre;Tpo™" mice gave lower levels of donor cell 
reconstitution (in two experiments with a total of eight to nine recipient 
mice per genotype). (L) Recipient mice from (K) showed significant 
decrease in donor bone marrow HSC chimerism 16 weeks posttransplant 
(n = 6 mice per genotype). Con, Alb-cre;Tpo*”*, Tpo™™", or Tpo"”* mice; 
A/A, Alb-cre;Tpo" mice. Data are means + SD. ns, not significant 

(P > 0.10). *P < 0.05, **P < 0.01, ***P < 0.001. 


generate Typo” through mating with El/a-cre 
mice (fig. S4D). As expected, To transcripts 
were absent from homozygous Tpo’~ mice 
(fig. S4E). Tpo”~ mice had significant reduc- 
tion of HSCs, MPPs, and megakaryocytes (fig. 
S4, F to H) to levels nearly identical to those 
in the Tpo®”®” mice (fig. $3). Recombina- 
tion of the Tyo" allele therefore gave a strong 
loss of Tpo function. 

Megakaryocytes have been proposed to be a 
major source of TPO for HSCs (22, 23). However, 
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we did not detect any Tpo expression in mega- 
karyocytes by qRT-PCR (Fig. 1A) or by using 
reporter mice (Fig. 1, K to N). Nonetheless, we 
directly tested whether megakaryocytes (or 
any hematopoietic cells) are sources of TPO 
for HSC maintenance in vivo by generating Vav1- 
cre;Tpo”®” mice. Vavi-cre efficiently deleted 
Tpo from the hematopoietic system (fig. S5A). 
Eight-week-old Vavl-cre;Tpo™”®” mice had normal 
blood cell counts (fig. S5B), cellularity, and HSC 
frequency (fig. S5, C and D) and normal re- 


stricted hematopoietic progenitors in the bone 
marrow (fig. S5, E to H). Spleen cellularity, HSC 
frequency, and megakaryocytic cells were also 
unaffected (fig. S5, I to K). Bone marrow cells 
from Vavi-cre;Tpo”™” mice formed normal num- 
bers of colonies in methylcellulose and reconstituted 
irradiated recipients normally (fig. S5, L and M). 
Thus, hematopoietic cells, including megakaryocytes, 
are not a critical source of TPO for HSC maintenance. 

Osteoblasts have also previously been pro- 
posed to be the main source of TPO in the 
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Fig. 4. TPO from adult hepatocytes regulates bone marrow HSC 
maintenance and quiescence. (A to D) Confocal images of liver 
sections from AAV8-TBG-cre-treated loxpTdTomato mice. (E) Bone 
marrow and spleen cellularity was normal in Alb-cre;Tpo™" mice (n = 7 
to 8). (F) Bone marrow HSCs were depleted in AAV8-TBG-cre-treated 
Tpo"! mice (n = 4 to 5). (G) Spleen HSC frequency tended to decrease 
in AAV8-TBG-cre-treated Tpo" mice. (H and I) Bone marrow and 
spleen colony-forming cell frequencies decreased in AAV8-cre; 

Tpo™" mice (n = 6 to 7). (J) Bone marrow cells (5 x 10°) from AAV8-cre; 
Tpo™" mice gave lower levels of donor cell reconstitution than controls 
(in two to three experiments with a total of n = 16 for controls, 


n = 9 for 1 month after AAV8 treatment, and n = 14 for 2 months 
after AAV8 treatment). (K) Limit dilution assays showed a 6-fold 
reduction in functional HSCs in the bone marrow from AAV8-cre;Tpo™" 
mice compared with those in controls (in two independent 
experiments). (L) Annexin V* DAPI” bone marrow HSC frequency 
was not affected in AAV8-cre;Tpo"” mice (n = 5). (M) Bone marrow 
HSCs incorporated more bromodeoxyuridine (BrdU) in AAV8-cre; 
Tpo™ mice (n = 4). Con, Tpo*”* mice treated with AAV8-TBG-cre or 
Tpo™" mice treated with phosphate-buffered saline; A/A, Tpo”" mice 
treated with AAV8-TBG-cre. Data are means + SD. ns, not significant 
(P > 0.10). *P < 0.05, **P < 0.01, ***P < 0.001. 


bone marrow (/7), and osteoblasts express Tpo 
transcripts (Fig. 1A); however, we could not 
detect any Tpo translational activity in osteo- 
blasts from our reporter mice (Fig. 1, K to N). 
We directly tested whether deletion of Tpo 
from osteoblasts affects HSCs. Consistent with 
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previous reports (2, 3), Col2.3-cre recombined 
efficiently in bone-lining osteoblasts (fig. S6, 
A to G). Eight-week-old Col2.3-cre;Tpo!/#” 
mice had normal blood cell counts (fig. S6H), 
cellularity, and HSC frequency in the bone 
marrow and spleens (Fig. 2, A and B). Re- 


stricted hematopoietic progenitors were also 
normal (fig. S6, I to L). Spleen megakaryo- 
cytic cells were unaffected (fig. S6M), as were 
the capacities of bone marrow and spleen cells 
to form colonies in methylcellulose (Fig. 2C 
and fig. S6N). Col2.3-cre;Tpo’’”"” bone marrow 
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cells had normal capacities to reconstitute ir- 
radiated recipients (Fig. 2D and fig. S6, O and 
P). Thus, osteoblasts are not a critical source of 
TPO for HSC maintenance. 

Bone marrow Lepr* mesenchymal stromal 
cells are a critical source of HSC niche fac- 
tors, including stem cell factor (SCF) and 
CXCLI12 (2, 3). These cells express Tpo tran- 
scripts (Fig. 1A), although we could not de- 
tect Tpo translational activity (Fig. 1, K to N). 
We conditionally deleted Tpo from mesen- 
chymal stromal cells by generating Lepr-cre; 
Tpo”®” mice. Tpo was efficiently deleted from 
these cells (fig. S7, A to G). Eight-week-old 
Lepr-cre;Tpo”2” mice had normal blood cell 
counts (fig. S7H), cellularity, and HSC fre- 
quency in the bone marrow and spleens (Fig. 
2, E and F). Restricted hematopoietic pro- 
genitors were also normal (fig. $7, I to L). 
Spleen megakaryocytic cells were unaffected 
(fig. S7M). Bone marrow and spleen cells 
from Lepr-cre;Tpo”2” mice formed normal 
numbers of hematopoietic colonies in meth- 
ylcellulose (Fig. 2G and fig. S7N). Bone marrow 
cells from Lepr-cre;T; po " mice reconstituted 
irradiated recipients normally (Fig. 2H and fig. 
87, O and P). Thus, bone marrow mesenchymal 
stromal cells are not a critical source of TPO for 
HSC maintenance. 

The above data suggest that TPO produced 
locally by osteoblasts or mesenchymal stromal 
cells is not required for HSC maintenance. To 
test whether systemic TPO generated by the liver 
is important for HSC maintenance, we generated 
Alb-cre;T; pot mice. As expected (31), Alb-cre re- 
combined specifically and efficiently in hepato- 
cytes but not in the bone marrow (Fig. 3, A to D, 
and fig. S8, A to D). Eight-week-old Alb-cre;Tpo™” 
mice had a fivefold reduction in platelet count 
(Fig. 3E and fig. S8E) and a fivefold reduction in 
megakaryocytic cells in the bone marrow (Fig. 3F). 
Alb-cre;Tpo™ mice exhibited normal bone mar- 
row and spleen cellularity (Fig. 3G). The frequency 
of bone marrow HSCs was reduced by a factor of 
24 compared with that in controls (Fig. 3H). LSK 
progenitors and MPPs were similarly reduced (fig. 
S8, F and G). CMPs were reduced in the bone 
marrow, whereas other restricted hematopoietic 
progenitors appeared normal (fig. S8H). Bone 
marrow and spleen cells from Alb-cre;Tpo™ mice 
formed fewer colonies in methylcellulose (Fig. 3, I 
and J). Spleen HSC frequency was normal in 
Alb-cre;Tpo™" mice (Fig. 3H), suggesting that 
there was no compensatory extramedullary hem- 
atopoiesis. Spleen CD41* cell frequency decreased 
(fig. S8I). Bone marrow cells from Alb-cre;T; pot 
mice had severe defects in their ability to re- 
constitute irradiated recipients (Fig. 3, K and L). 
Overall, these data show that hepatic TPO is crit- 
ical for the maintenance of bone marrow HSCs. 

During development, HSCs transiently re- 
side in the fetal liver (32), where Alb-cre re- 
combines (33). Thus, it is possible that bone 
marrow HSCs in Alb-cre;Tpo™” mice acquire 
a persistent defect during development, al- 
though global deletion of Tpo has no impact 
on fetal liver HSCs (76). Nonetheless, we con- 
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ditionally deleted Tyo from adult hepato- 
cytes by administering the hepatotropic Cre- 
bearing virus AAV8-TBG-cre (34). Consistent 
with a prior report (34), we observed specific 
and efficient recombination in hepatocytes 
after a single intravenous administration of 
AAV8-TBG-cre to adult mice (Fig. 4, A to D, 
and fig. S9, A to D). 

We administered AAV8-TBG-cre virus once to 
8-week-old Tpo mice and wild-type littermate 
control mice and analyzed the mice 4 to 8 weeks 
later. AAV8-TBG-cre-treated wild-type mice had 
phenotypes identical to those of buffer-treated 
Tpo” mice. These mice were pooled together as 
controls. Deleting Tpo from adult hepatocytes 
(AAV8-cre;Tpo™) significantly reduced plate- 
let counts (fig. S9E). Bone marrow and spleen 
cellularity did not change (Fig. 4E). However, 
AAV8-cre; Tpo™ ® mice had significant reductions 
in bone marrow HSC, LSK, MPP, CMP, and CD41* 
cell frequencies (Fig. 4F and fig. S9, G to I). The 
colony-forming capacities of bone marrow and 
spleen cells were also reduced (Fig. 4, H and I). 
Spleen HSC and CD41* megakaryocytic cell fre- 
quencies trended lower (Fig. 4G and fig. S9J). 
Bone marrow cells from AAV8-cre;Tpo™ mice 
2 months after the virus treatment had a sig- 
nificant decrease in their ability to reconstitute 
irradiated recipients, whereas bone marrow cells 
from AAV8-cre;Tpo™” mice 1 month after the 
virus treatment had an intermediate phenotype 
(Fig. 4J and fig. S9K). To quantify the frequency 
of functional HSCs, we performed limit dilution 
assays. In these assays, the frequencies of long- 
term multilineage reconstituting cells in bone 
marrow cells from control and AAV8-cre;Tpo™ 
mice were 1/87,660 and 1/498,020, respectively, 
corresponding to a 6-fold reduction (Fig. 4K). 
AAV8-cre;T; ‘pot mice had no significant dif- 
ference in Annexin V* bone marrow HSCs 
compared with controls (Fig. 4L and fig. S9L), 
but HSCs from AAV8-cre;Tpo™” mice cycled 
more (Fig. 4M and fig. S9M). These data in- 
dicate that adult HSCs lacking hepatocyte- 
derived TPO signal are depleted through loss 
of quiescence. 

Tpo transcription is up-regulated in the bone 
marrow during hematopoietic stress (27). We 
injected TMX-treated Tpo?®¢C"E. Ioan ZsGreen 
mice with 5-fluorouracil but failed to detect 
ZsGreen expression in the bone marrow (fig. 
$10), suggesting that bone marrow is not a 
major source of TPO in stress, at least under 
the conditions we tested. Our data show that 
hepatocytes are the major functional source of 
systemic TPO for bone marrow HSC mainte- 
nance under steady-state conditions. Further 
studies are required to determine the role of 
local and systemic TPO in nonhomeostatic 
conditions. 
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Ancient genomes revisit the ancestry 
of domestic and Przewalski’s horses 
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The Eneolithic Botai culture of the Central Asian steppes provides the earliest archaeological 
evidence for horse husbandry, ~5500 years ago, but the exact nature of early horse 
domestication remains controversial. We generated 42 ancient-horse genomes, including 

20 from Botai. Compared to 46 published ancient- and modern-horse genomes, our data 
indicate that Przewalski’s horses are the feral descendants of horses herded at Botai and not 
truly wild horses. All domestic horses dated from ~4000 years ago to present only show 
~2.7% of Botai-related ancestry. This indicates that a massive genomic turnover underpins 
the expansion of the horse stock that gave rise to modern domesticates, which coincides 
with large-scale human population expansions during the Early Bronze Age. 


orses revolutionized human mobility, econ- 
omy, and warfare (1). They are also as- 
sociated with the spread of Indo-European 
languages (2) and new forms of metallurgy 
(3) and provided the fastest land transport 
until modern times. Together with the lack of 
diachronic changes in horse morphology (4) and 
herd structure (5, 6), the scarce archaeological 
record hampered the study of early domestica- 
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Fig. 1. Sample location and corral enclosure at Botai. (A) Archaeological 
sites. The age (years ago) of the genomes considered is reported to the right 
of each site name. The number of genomes sequenced per site is reported 
between parentheses if greater than one. Triangles refer to the ancient 
genomes characterized here, whereas diamonds indicate those previously 
published. Blue refers to wild ancient individuals, light and dark green to the 
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tion. With their preponderance of horse remains, 
Eneolithic sites (fifth and fourth millennia BCE) 
of the Pontic-Caspian steppe (2, 7) and the north- 
ern steppe of Kazakhstan (6, 8) have attracted 
the most attention. 

We reconstructed the phylogenetic origins of 
the Eneolithic horses associated with the Botai 
culture of northern Kazakhstan, representing the 
earliest domestic horses (6, 8). This culture was 


6 April 2018 


characterized by a sudden shift from mixed hunt- 
ing and gathering to an extreme focus on horses 
and larger, more sedentary settlements (5). Horse 
dung on site (6), as well as evidence for poleaxing 
and against selective body-part transportation, 
suggests controlled slaughter at settlements rather 
than hunting (9). Tools associated with leather 
thong production, bit-related dental pathologies 
(7, 10), and equine milk fats within ceramics sup- 
port pastoral husbandry, involving milking and 
harnessing (8). 

Geological surveys at the Botai culture site of 
Krasnyi Yar, Kazakhstan, described a polygonal 
enclosure of ~20 m by 15 m with increased phos- 
phorus and sodium concentrations (6), likely 
corresponding to a horse corral. We revealed 
a similar enclosure at the eponymous Botai site, 
~100 km west of Krasnyi Yar (Fig. 1A), that shows 
close-set post molds, merging to form a palisade 
trench, and a line of smaller parallel postholes 
inside (Fig. 1B). Radiocarbon dates on horse 
bones from these postholes are consistent with 
the Botai culture (77). The presence of enclosures 
at Krasnyi Yar and Botai builds on the evidence 
supporting horse husbandry. 

We sequenced the genomes of 20 horses from 
Botai and 22 from across Eurasia and spanning 
the past ~5000 years (table S1). With the published 
genomes of 18 ancient and 28 modern horses, this 
provided a comparative panel of 3 wild archaic 
horses (~42,800 to 5100 years ago), 7 Przewalski’s 
horses (PH, 6 modern and 1 from the 19th century), 
and 78 domesticates (25 Eneolithic, including 5 from 
Borly4, Kazakhstan, ~5000 years ago; ’7 Bronze Age, 
~4100 to 3000 years ago; 18 Iron Age, ~2800 to 
2200 years ago; 1 Parthian and 2 Roman, ~2000 to 
1600 years ago; 3 post-Roman, ~1200 to 100 years 
ago; and 22 modern from 18 breeds). 

The 42 ancient-horse genomes, belonging to 
31 horse stallions and 11 mares, were sequenced 
to an average depth of coverage of ~1.1 to 9.3X 


first domestic clade (Botai and Borly4), and yellow to individuals of the 
second domestic clade (DOM2). The Botai culture site of Krasnyi Yar is 
indicated with an asterisk, although no samples were analyzed from this site. 
(B) Magnetic gradient survey and excavation at Botai, with interpretation. 
The enclosure and its excavated boundary are indicated by red and yellow 
squares, respectively. Round black circles correspond to pit houses. 
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Fig. 2. Horse genetic affinities. (A) PCA of the genome variation present in 88 ancient- and modern- 
horse genomes. Only the first two principal components (PCA1 and PCA2) are shown. (B) Phylogenetic 
relationships. The tree was reconstructed on the basis of pairwise distances calculated with ~14.1 million 
transversion sites. Node supports derive from 100 bootstrap pseudoreplicates. The archaeological 


site and age (years ago) of ancient specimens are indicated in the first and last fields of the sample name. 


(C) Outgroup f3-statistics showing the pairwise genetic affinities. 
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(median = 3.0X). Damage patterns indicative of 
ancient DNA were recovered (figs. S8 and S9). 
Base-quality rescaling and termini trimming re- 
sulted in average error rates of 0.07 to 0.14% per 
site (tables S13 and S14). 

Principal component analysis (PCA) revealed 
PH and the archaic horses as two independent 
clusters (Fig. 2A). Within domesticates, all 25 Botai- 
Borly4 Eneolithic specimens grouped together 
to the exclusion of all remaining horses. 

Phylogenetic reconstruction confirmed that do- 
mestic horses do not form a single monophyletic 
group as expected if descending from Botai (Fig. 2B). 
Instead, PH form a highly drifted, monophyletic 
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group, unambiguously nested within Botai-Borly4 
horses. All remaining domesticates cluster within 
a second, highly supported monophyletic group 
(DOM2). Applying TreeMix (12) to the 60 genomes 
with minimal 3.0X average depth of coverage con- 
firmed this tree topology (fig. $23). 

Outgroup f3- and D-statistics (13) support PH 
as genetically closer to Botai-Borly4 individuals 
than any DOM2 member (Fig. 2C and figs. S25 
and S26). Finally, ancestry tests (14) confirmed 
Botai horses as the direct ancestors of Borly4 
horses, and the Borly4 as ancestral to the only PH 
in our data set predating their massive demo- 
graphic collapse and introgression of modern 
domestic genes (15). 

Outgroup f3- and D-statistics also revealed that 
Dunaiijvaros_Duk2 (Duk2), the earliest and most 
basal specimen within DOM2, was divergent to 
all other DOM2 members. This is not due to 
sequencing errors, because the internal branch 
that splits from Duk2 and leads to the ancestor 
of all remaining DOM2 horses is long (Fig. 2B). 
This suggests instead shared ancestry between 
Duk2 and a divergent ghost population. We thus 
excluded Duk2 in admixture graph reconstruc- 
tions (16) to avoid bias due to contributions from 
unsampled lineages (Fig. 3). 

In the absence of admixture, the best admix- 
ture graph matched the trees reconstructed above. 
We also reconstructed admixture graphs for five 
additional scenarios with one or two admixture 
event(s), including between PH and domesticates 
(15). Bayes factors best supported a horse do- 
mestication history in which a first lineage gave 
rise to Botai-Borly4 and PH horses, whereas a 
second lineage founded DOM2 and provided the 
source of domestic horses during at least the past 
~4000 years, with minimal contribution from 
the Botai-Borly4 lineage [95% confidence interval 
(CI) = 2.0 to 3.8%]. 

The limited Botai-Borly4 ancestry among DOM2 
members concurs with slightly significant negative 
D-statistics in the form of {[((DOM2_ancient, 
DOM2_modern), Botai-Borly4], donkey} for some 
DOM2 members, spanning a large geographical 
(Western Europe, Turkey, Iran, and Central Asia) 
and temporal range (from ~3318 to ~1143 years 
ago; fig. S28). This suggests that sporadic intro- 
gression of Botai ancestry into multiple DOM2 
herds occurred until 1000 years ago. This gene 
flow was mediated not only through females, be- 
cause 15 Botai-Borly4 individuals carried mito- 
chondrial haplotypes characteristic of DOM2 
matrilines (figs. S12 and S13), but also through 
males, given the persistence of Botai-Borly4— 
related patrilines within DOM2 (figs. S15 to S18). 

PH are considered to be the last remaining true 
wild horses, which have never been domesticated 
(15). Our results reveal that they represent instead 
the feral descendants of horses first herded at 
Botai. It appears that their feralization likely 
involved multiple biological changes. 

Metacarpal measurements in 263 ancient and 
112 modern horses indicate that PH have be- 
come less robust than their Botai-Borly4 ancestors 
(Fig. 4A). One Botai individual likely showed 
limited unpigmented areas and leopard spots, 
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as it was heterozygous for four mutations at the 
TRPM1 locus associated with leopard spotting 
and carried the ancestral allele at the PATNI 
modifier (17, 18) (Fig. 4B). Individuals homozy- 
gous for TRPM/ mutations are generally almost 
completely unpigmented and develop congenital 
stationary night blindness (17). First maintained 
at Botai by human management, the haplotype 
associated with leopard spotting was likely se- 
lected against and lost once returning wild, lead- 
ing to the characteristic PH Dun dilution coloration 
(19). Genomic regions with signatures of pos- 
itive selection along the phylogenetic branch 
separating Borly4 and PH showed functional en- 
richment for genes associated, in humans, with 
cardiomyopathies (P < 0.0496), melanosis and 
hyperpigmentation (P < 0.0468), and skeletal 
abnormalities (P < 0.0594) (table S18), suggest- 
ing that at least some of the morpho-anatomical 
changes associated with feralization were adaptive. 

Additionally, significantly negative D-statistics 
in the form of {{((DOM2,PH), archaic], donkey} 
previously suggested that the extinct, archaic 
lineage formed by ~5100- to 42,700-year-old 
horses from Taymyr and Yakutia contributed 
to the genetic ancestry of modern domesticates 
(20, 21). Although we could confirm such D- 
statistics (fig. S29), almost all other D-statistics 
in the form of {((DOM2,Botai-Borly4), archaic], 
donkey} were not different from zero (fig. S30). 
This indicates selection against the archaic an- 


A 


5.56 


cestry between ~4977 and ~118 years ago (the 
time interval separating the youngest Borly4 in- 
dividual and the earliest PH sequenced). Alter- 
natively, the PH lineage admixed with a divergent 
population of horses, both unrelated to the archaic 
lineage and the ghost population that contributed 
ancestry to Duk2, because D-statistics revealed 
Duk2 as closer to Borly4 than to PH (fig. S31). 

Lastly, although the genetic load of PH and 
Botai-Borly4 genomes was equivalent until 
~118 years ago, it drastically increased in modern 
animals (Fig. 4C). This accumulation of deleterious 
variants was thus not associated with PH feraliza- 
tion but with the recent introgression of delete- 
rious variants from modern domesticates and 
demographic collapse, which hampered purifying 
selection. 

That none of the domesticates sampled in the 
past ~4000 years descend from the horses first 
herded at Botai entails another major implication. 
It suggests that during the third millennium BCE, 
at the latest, another unrelated group of horses 
became the source of all domestic populations 
that expanded thereafter. This is compatible with 
two scenarios. First, Botai-type horses experienced 
massive introgression capture (22) from a pop- 
ulation of wild horses until the Botai ancestry 
was almost completely replaced. Alternatively, 
horses were successfully domesticated in a sec- 
ond domestication center and incorporated minute 
amounts of Botai ancestry during their expansion. 


ip) 


p,=0.027 p,=0.068 


Posterior Probability 


0.00 
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30.62 28.59 


Fig. 3. Admixture graphs. (A to F) The six scenarios tested. The scenario in panel (A) received 
decisive Bayes factor support, as indicated below each corresponding alternative scenario tested. 
Domestic-Ancient and Domestic-A or -B refer to three phylogenetic clusters identified within DOM2 
(excluding Duk2): ancient individuals; modern Mongolian, Yakutian (including Tumeski_CGG101397), 
and Jeju horses; and all remaining modern breeds. (G) Posterior distributions of admixture proportions. 
P, and p2 represent admixture proportions along the dotted branches in the best-supported scenario. 
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Fig. 4. Phenotypic and genomic changes 
associated with ferality. (A) Indices of the 
robustness of the third metacarpal bone in 
various horse populations. Bd, breadth at the 
middle of the diaphysis; GL, maximal or 
greatest length. Kent and Kumkeshu-Kozhai 
represent populations of Kazakhstan from the 
Iron Age and Eneolithic (Tersek culture), 
respectively. (B) Genotyping information at 
the TRPM1 locus (chr1, chromosome 1) and 
the PATNI modifier (chr3, chromosome 3) for 
Botai-Borly4 horses. The absence, hetero- 
zygosis, and homozygosis of alleles strongly 
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associated with leopard spotting are depicted in white, dark gray, and red, respectively. Crosses 
indicate insufficient data. The causative long tandem repeat (LTR) insertion at the TRPMI locus is 
indicated by the number of reads overlapping both flanks of the insertion site. (C) Individual-based 
genetic loads. The purple circle shows the PH specimen from the 19th century. 


We cannot identify the locus of this hypothetical 
center because of a temporal gap in our data set 
throughout the third millennium BCE. However, 
that the earliest DOM2 member was excavated in 
Hungary adds Eastern Europe to other candidates 
already suggested, including the Pontic-Caspian 
steppe (2), Eastern Anatolia (23), Iberia (24), 
Western Iran, and the Levant (25). Notwithstand- 
ing the process underlying the genomic turnover 
observed, the clustering of ~4023- to 3574-year- 
old specimens from Russia, Romania, and Georgia 
within DOM2 suggests that this clade already 
expanded throughout the steppes and Europe 
at the transition between the third and second 
millennia BCE, in line with the demographic ex- 
pansion at ~4500 years ago recovered in mito- 
chondrial Bayesian Skylines (fig. S14). 

This study shows that the horses exploited by 
the Botai people later became the feral PH. Early 
domestication most likely followed the “prey 
pathway,” whereby a hunting relationship was 
intensified until reaching concern for future 
progeny through husbandry, exploitation of milk, 
and harnessing (7). Other horses, however, were 
the main source of domestic stock over the past 
~4000 years or more. Ancient human genomics 
(26) has revealed considerable human migrations 
~5000 years ago involving Yamnaya culture pas- 
toralists of the Pontic-Caspian steppe. This ex- 
pansion might be associated with the genomic 
turnover identified in horses, especially if Botai 


Gaunitz et al., Science 360, 111-114 (2018) 


horses were better suited to localized pastoral ac- 
tivity than to long distance travel and warfare. 
Future work must focus on identifying the main 
source of the domestic horse stock and investigat- 
ing how the multiple human cultures managed 
the available genetic variation to forge the many 
horse types known in history. 
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Global Ocean Summit 2018 (GOS2018), as the 2nd Global Ocean Summit, will be scheduled at Qingdao, China during 3-5 July 
2018 and hosted jointly by Qingdao National Laboratory for Marine Science and Technology (QNLM) and Science/AAAS. It will 
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), THE COLLEGE OF ENVIRONMENTAL 


K / SCIENCES AND ENGINEERING 


is devoted to cutting-edge fundamental research 
and clean technologies for a sustainable future 


‘To improve the environment in the midst 
of rapid development is a major challenge 
facing China. As one of China’s earliest 
programs dedicated to environmental research 
and talent cultivation, the College of Environ- 
mental Sciences and Engineering (CESE) of 
Peking University (PKU) takes it as its mis- 
sion to tackle Chinese and global environmen- 
tal challenges. CESE has built a whole-pro- 
cess research system, integrating science, 
engineering and public policies. In line with 
the pursuit of Excellence and Relevance, 
CESE endeavors to establish a world-class 
environmental discipline and research plat- 
form, cultivate high-level talents with global 
vision, and become a top environment policy 
think tank. According to the latest ESI data, 
PKU Environmental Sciences program ranks 
in the top 0.2% in the world. In the latest U.S. 
News & World Report and Quacquarelli 
Symonds discipline lists, environmental 
sciences at PKU ranks 44" and 26" globally. 


CESE has 67 faculty members with national 
and international reputations, including one 
academician of the Chinese Academy of 
Sciences and two academicians of the Chinese 
Academy of Engineering. CESE also boasts two 
Creative Research Groups of the National Natu- 
ral Science Foundation, one State Key Labora- 
tory, one Ministry of Education Key Laboratory 
and one International Joint Laboratory. The 
faculty members have held over 40 positions as 
associated editors or members of editorial 
boards for international journals, 26 positions in 
international academic associations/societies 
and won many international awards. Currently, 


CESE consists of the Department of Environ- 
mental Sciences, the Department of Environ- 
mental Engineering and the Department of 
Environmental Management. There are six 
research fields, including: Atmospheric Pollu- 
tion and Climate Change, Environment and 
Human Health, Water Treatment and Microbi- 
al-Technology, Water Pollution Control and 
Integrated Watershed Management, Environ- 
mental and Resources Economics, Environmen- 
tal Planning, Management and Sustainable 
Development. In recent years, CESE has 
successfully developed the environmental- 
media (atmosphere and hydrosphere)-based 
whole-process research system and the interna- 
tional-treaty -compliance-oriented global envi- 
ronmental governance studies. Building on solid 
basic research, CESE aims to promote policy 
implementation and technology application. 


The development of new knowledge on 
atmospheric chemistry and physics is the key 
to the mitigation of China’s severe air pollu- 
tion. To meet this pressing need, CESE took 
the lead by proposing the ‘Air Pollution Com- 
plex model’ as well as the concept of ‘Envi- 
ronmental Civilization’ . Moreover, PKU 
discovered new mechanisms for the mainte- 
nance of the atmospheric oxidation capacity 
with global importance. The relevant findings 
were published in prestigious journals like 
Science, Nature Geoscience and PNAS. A 
comprehensive air pollution control technolo- 
gy system has been established, which inte- 
grates field observation, numerical simulation 
and pollution control strategy development so 
as to discover the formation mechanisms of air 


ADVERTISEMENT 


pollution complex and achieve the technologi- 
cal innovation of regional air pollution control. 
Using the newly developed system, CESE has 
conducted a series of major observational 
research campaigns over the Pearl River Delta 
(PRIDE-PRD) and promoted the establish- 
ment of a regional monitoring network and an 
early warning system for air pollution control. 
Approved and adopted by the government, the 
monitoring network results have become 
instrumental to decision making in both PRD 
and Hong Kong. It is the first one of its kind in 
China and helps PRD to be the first polluted 
region in China for compliance of PM2:s air 
quality standard. The air pollution in megaci- 
ties and surrounding regions is of global 
importance. One typical case is the North 
China Plain, which is the largest territory cov- 
ering many different provincial areas includ- 
ing Beijing. The coordinated provincial air 
pollution control thus has become a key strate- 
gic option. Based on a good understanding of 
the formation mechanism of air pollution, 
CESE developed strategies and methodologies 
for regional coordinated air pollution control, 
which successfully ensured the air quality 
during the 2008 Beijing Olympic Games in six 
provinces and cities. The theories and control 
technology system of complex air pollution 
developed by CESE also guaranteed the air 
quality for the Guangzhou Asian Games and 
the Shanghai World Expo, promoting the 
implementation of National Air Pollution 
Prevention and Control Action Plan. At pres- 
ent, CESE is organizing the country’s best 
experts to explore the formation mechanism 
and source identification of the heavy air 
pollution around Beijing. 
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Innovations for Cleon and Safe Water 
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© Water Treatment Demo Sites 


The focus of China’s Clean Water Action 
Plan is on its major basins. CESE was the first 
to propose the concept of “AII Materials Flux 
(AMF)” and has conducted the world’ s larg- 
est AMF monitoring in the Yangtze and the 
Yellow River. Such research has successfully 
identified the lateral transport of soil carbon 
and land—atmosphere COz flux induced by 
water erosion in China. The relevant findings 
were published in PNAS. CESE has developed 
a series of water pollutants removal tech- 
niques and integrated watershed simula- 
tion-optimization models, especially for nitro- 
gen pollution, the most urgent problem in 
China. Several breakthroughs on the nitrogen 
water pollution control and treatment have 
been achieved in the past several years, 
including advanced nitrogen removal technol- 
ogy for municipal sewage, efficient nitrogen 
removal techniques for industrial wastewater, 
ecological treatment of sewage in rural area, 
and the control of non-point (distributed) 
sources of regional nitrogen contamination. 
The heterotrophic nitrification and aerobic 
denitrification microorganisms have been 
successfully isolated and cultured to solve the 
key problems of advanced nitrogen removal in 
municipal wastewater treatment plants. To 
facilitate the degradation of highly toxic 
organic pollutants from industrial wastewater, 
the macroporous functional carriers, which 
could enhance the microbial tolerance to toxic 
substances and high ammonia nitrogen, have 
been fabricated. The proposed biological-eco- 
logical multi-medium techniques greatly 
improve the abundance of denitrification func- 
tional bacteria and have been successfully 
used to treat the sewage in rural areas. The 
developed techniques have provided core 
technical support for the improvement of 


major basins in China, such as the 
South-North Water Diversion Project, the 
National Rural Safe Drinking Water Initiative, 
the Xiangjiang River heavy metal pollution 
treatment, the sediment treatment of the 
Yellow River and the Lake Dianchi eutrophi- 
cation control. 


CESE is concerned about public health risks 
due to environmental exposure. In view of the 
increasingly severe urban and regional envi- 
ronmental pollution in China, CESE takes full 
advantage of the many established disciplines 
of social, natural, and medical sciences at 
PKU, and promotes research in the field of 
environment and health by leading key 
research projects in collaboration with other 
disciplines, so as to establish the linkage 
between environmental exposure, internal 
exposure and health effect markers. Because of 
the palpable improvement of the air quality in 
Beijing during 2008 Olympic Games, CESE 
designed a “quasi-control” experiment by mon- 
itoring the biomarkers of inflammation, oxida- 
tive stress, immunity and vascular damage in 
order to find out the effect and mechanism of 
atmospheric pollution on human health. The 
results show that the oxidative effects among 
children, the cardiovascular system indicators 
among the elderly and cardiovascular function 
effects in healthy people are associated with 
atmospheric pollutants, especially the chemical 
composition of PMio and PM2.s. Based on the 
measurements of multiple organic pollutants in 
the placenta as an indicator of the fetus’s in 
utero exposure in a case-control study, pollut- 
ants such as PAHs were found to be the risk 
factor with a significant dose-response rela- 
tionship. Such studies have been published in 
JAMA, Lancet and PNAS. 


ADVERTISEMENT 


It is PKU’s tradition to work out China’s 
global environmental strategies. Directly 
involved in treaty negotiation, signing and 
compliance, CESE served as the technical 
team leader in the development of China’s 
Plan for the Montreal Protocol and the rele- 
vant Industry-Wide Solution and Control 
System, setting a benchmark for developing 
countries. CESE also took the lead in develop- 
ing China’s National Implementation Plan of 
the Stockholm Convention, which has been 
adopted by the State Council and contributed 
greatly to the all-out ban on the production, 
importation and consumption of controlled 
POPs. A number of international awards were 
bestowed on CESE, such as the Gold Award 
from SEPA, UNEP/WMO Vienna Convention 
Award, Best-of-the Best Awards from US 
EPA, Twentieth Anniversary Ozone Protection 
Award from UNEP, Special Commendation 
Award and Technical Leadership Award from 
the secretariat of the Montreal Protocol. 


CESE has been proactive in promoting 
international cooperation by designing major 
research programs and promoting joint 
research. As the site of the International Pro- 
gram Office, CESE has facilitated the imple- 
mentation of the Monsoon Asia Integrated 
Research on Sustainability (MAIRS), one of 
the core projects under the framework of 
Future Earth. In addition, CESE has mobilized 
dozens of world-renowned research institutes 
to participate in such major research programs 
as CAREBEIJING, PRIDE-PRD and AMF, 
and taken the lead in drafting the report on the 
Impacts of Megacities on Air Pollution and 
Climate for the WMO and IGAC. 


CESE at PKU aims to cultivate high-level 
interdisciplinary talents in environmental 
discipline and to train pro-active leaders with 
a solid academic foundation, a strong sense of 
social responsibility, and global vision. The 
guideline for talent cultivation incorporates 
healthy personality, diversity, environmental 
concern, self-actualization, responsibility, 
independent thinking, innovation and team 
work. Graduates from CESE have made great 
contributions to sustainable development in 
and outside China. Many of them hold impor- 
tant positions in UN organizations, NGOs, the 
Chinese government, and the world’s 
first-class universities and institutes. 


CESE cordially welcomes job applicants 
and visiting scholars with expertise in related 
areas such as environmental science, engineer- 
ing, health and management. Feel free to con- 
tact us: 

Website: http://cese.pku.edu.cn 

Email: huiliu@pku.edu.cn 

Tel: +86-10-62754126 

Fax: +86-10-62751480 

Address: Environmental Building, Peking 
University, No.5 Yiheyuan Road, Beijing, China. 
100871 
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jing Agricultural University 
Welcomes Talents from All Over the World 


About us 


anjing Agricultural University is a university under 
the administration of the Ministry of Education and 
as been selected and included in the National 
“Double — World-Class” 
nitiative. In the fourth-round national first-level 


University = Construction 


discipline evaluation in 2017, it had four disciplines 
isted in Class A+, ranking itself the 11th of the top 
universities in China. In the ESI rankings, it had seven 
disciplines ranked among the top 1% worldwide, and 


wo of the disciplines, Agricultural Science and Plant & 
Animal Science, among the top 1%0. The US News 
2018 has listed NAU the top 9 among the Best Global 
Universities of Agricultural Sciences. 


Fields of research 
The fields of research you are invited to join in are: 


Agricultural Sciences including : 


Crop Science, Horticulture, Agricultural Resources & 
Environment, Plant Protection, Animal Husbandry, 
Veterinary Science, Fisheries Science, and Grass Science; 


Science and Technology including : 


Biology, Ecology, Environmental Science & 
Engineering, Food Science & Engineering, Landscape 
Architecture, Agricultural Engineering, Bioinformatics, 


and Computer Science & Technology; 


Humanities and Social Sciences including : 


Management, Economics, Sociology, Legal Science, 
History, Literature, and Linguistics. 


You are also welcome to join us in the following 
Interdisciplinary Subjects : 


Genomics & Phenomics, Microorganism-Botany-Pest 
Interactions, Food Nutrition and Human Health, 
Agricultural Equipment Engineering, Agricultural 
Informatics, and so on. 


Position requirements 


Doctorate recipients from world famous universities; 
postdoctor researchers from famous research 
institutes; and talents with professional titles of 
associate professor, professor or other higher titles, 
from world-famous higher institutions or research 
institutes, and with outstanding teaching and research 
achievements. 


NAU will offer you a benefits package which is 


competitive among the universities in the local area 
and which will be negotiated in person. 


Talent introduction policy 


You will enjoy a talent allowance equivalent to those 
for the Zhongshan Scholars of NAU who are 
Zhongshan Distinguished Professor, Zhongshan 
Professor, Zhongshan Fellow, and Zhongshan Young 
Scholar, according to your qualities for recruitment; or 
we may talk and agree on your annual salary. 


Specific conditions of your research team, laboratory, 
graduate students to supervise, accommodation, and 
employment of your spouse are to be discussed in 
person. 


Note: The Zhongshan Scholars is an NAU-developed 
open initiative to support career development and 


@ A paralogous. decoy protects Phytophthora sojae 
apoplastic effector PaXEG1 from a host inhibitor 


Mass seasonal bioflows of high-flying insect migrants 
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academic innovation for leading scientists of today 
and tomorrow, and it is a major initiative to construct a 
world-class university and to establish world-class 
disciplines, so as to realize NAU’s strategy of 
rejuvenation by talents. Recruitment is divided into 
four categories:Zhongshan Distinguished Professor, 
Zhongshan Professor, Zhongshan Fellow and 
Zhongshan Young Scholar. Special talent allowance is 


provided for these outstanding scientists. 
Application documents 

Please prepare and email to rcb@njau.edu.cn the 

following documents for your qualification: 


* a detailed CV, starting from your undergraduate 
education till the time of your application, including 
periods of continuous education, working experience, 
publications, research projects hosted or participated 
in, and certificates of awards. 


¢ photocopies of diplomas, certificate of doctor's 
degree, and certificate of current employment 


¢ Full texts of five representative papers published in 
the past five years. 


Contacts: 
Ms. Liu Hongmei 


Telephone: 
+86-25-84399039 


Email address: 
rcb@njau.edu.cn 
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Established in 1960, Huagiao Uni- 
versity (HQU) is one of China's 
renowned institutions of higher edu- 
cation. With its two campuses strate- 
gically located in two famous home- 
towns of overseas Chinese, Xiamen 
and Quanzhou in Fujian province, 
HQU is a national key comprehensive 
university directly affiliated to the 
Overseas Chinese Affairs Office of the 
State Council of the Peoples Republic 
of China. 

We sincerely welcome topnotch tal- 
ents from home and abroad to join us! 


1. Vacancies 

Key Disciplines: Mechanical En- 
gineering, Materials Science and 
Engineering, Architecture, Civil 
Engineering, Chemical Engineer- 
ing and Technology, Chemistry, 
Applied Economics, Philosophy, 
Software Engineering (Computer 
Science and Technology), Optical 
Engineering, Business Administra- 
tion and Chinese Linguistics. 

Other Disciplines: Instrumentation 
Science and Technology, Electrical 
Engineering, Biology, Mechanics, 
Electronics Science and Technolo- 
gy, Information and Communica- 
tion Engineering, Control Science 
and Engineering, Urban and Rural 
Planning, Landscape Architecture, 
Environmental Science and Engi- 
neering, Biomedical Engineering, 
Pharmacy, Horticulture, Marine 


Science, Management Science 
and Engineering, Mathematics, 
Statistics, Physics, Public Admin- 
istration, Law, Political Science, 
Sociology, Marxist Theory, Sports 
Science, Foreign Languages and 
Literature, Chinese Philology, 
Journalism and Communication, 
Art, Design and History. 


2. Qualifications 

2.1 Basic Qualifications 
Applicants are expected to be dis- 
ciplined, honest, responsible, phys- 
ically and psychologically healthy 
and dedicated to work. 


2.2 Specific Qualifications 

2.2.1 First Level 

Applicants should be academicians 
of Chinese Academy of Sciences 
(CAS), academicians of Chinese 
Academy of Engineering (CAE), 
top-notch talents of the “State Spe- 
cial Support Plan”, or talents from 
home and abroad of the same level. 
2.2.2 Second Level 

Applicants should be valid can- 
didates of the Chinese Academy 
of Sciences (CAS) and Chinese 
Academy of Engineering (CAE), 
leading talents of the “State Special 
Support Plan”, Distinguished Pro- 
fessors of Chang Jiang Scholars, 
winners of National Science Fund 
for Distinguished Young Scholars, 
selected candidates of long-term 
state level talent projects like the 


= | 


Thousand Talents Plan, first person 
in charge of national key disci- 
plines or key laboratories, chief sci- 
entists of major national projects, 
winners of National Science and 
Technology Award (ranking first), 
first-prize winners (ranking first) of 
Social Science Achievement Award 
for Higher Education of Ministry 
of Education. 

Applicants should be no more than 
55 years old. 

2.2.3 Third Level 

Applicants should be state-level 
selected candidates of the Hun- 
dred, Thousand and Ten Thousand 
Talents Plan, top-notch young tal- 
ents of the “State Special Support 
Plan”, or selected candidates of 
the Innovative Talents Promotion 
Plan of the Ministry of Science 
and Technology, the New Century 
Excellent Talents Supporting Pro- 
ject of the Ministry of Education, 
the National Science Foundation 
for Excellent Youth, the state-level 
Thousand Youth Talents Plan, the 
Young Project of Chang Jiang 
Scholars Program, or the National 
Outstanding Young Talents. 
Applicants should be no more than 
45 years old. 

2.2.4 Fourth Level 

Applicants should be young talents 
who display the potential to be se- 
lected into high-level young talents 
projects like the National Science 
Foundation for Excellent Youth, 


Huaqiao Univéersitym 


the Thousand Youth Talents Plan, 
the Youth Project of Chang Jiang 
Scholars Program and National 
Outstanding Young Talent. Talents 
who are candidates of the above 
national youth projects will be di- 
rectly recruited. 

Or applicants should be associate 
professors or above from domestic 
renowned universities with aca- 
demic achievements exceeding 
HQU’s requirements for exception- 
al promotion to professor (if the 
associate professor has served for 
more than 5 years, his or her per- 
formance of the past five years will 
be mainly assessed). For applicants 
from abroad, his/her papers and 
works and representative achieve- 
ments in his/her own academic 
field in the past five years should 
be submitted for assessment; in 
principle, he/she should have pub- 
lished papers that’s equivalent to 
1.5 times of HQU’s requirements 
for exceptional promotion to pro- 
fessor, or have published one full 
academic paper in journals of the 
Nature, Science or Cell publishing 
groups with impact factor (IF) over 
20 as the first author or the first 
corresponding author in the past 
five years, or seven papers on SCI 
TOP journals as the first author or 
the first corresponding author in 
the past five years. 

Applicants should be no more than 
40 years old. 


3. Benefits 


Full-time talents recruited will enjoy the following benefits. 


3.1 Funding Support 


Annual Salary 


Level 


Nena Humanities 
3 & Social 
Science ; 
Sciences 
1 
2 =90 
3 60-90 50-70 
4 35-50 30-40 


3.2.1 Office, laboratory and related equipment will be 


3.2.2 The talents who meet the HQU requirements for 
supervisors will be recommended and appointed as 


3.2.3 Temporary housing (or rent subsidies) will be 
provided in prior to housing subsidies. 

3.2.4 HQU will also help with the job arrangement of 
the spouse as well as their children’s schooling. 


This global talents recruitment program is valid in the 
long run. Applicants are supposed to fill in the “Approval 
Form of Huaqiao University for Recruiting Distin- 
guished Professor” (available via http://rsc.hqu.edu.cn/ 
info/1039/2995.htm). Please send your word document 
to our talents recruitment email: hqursc@126.com with 


3.2 Working and Living Supports 
furnished. 
Housing Benefits earriaen vie graduate students supervisors. 
Settling-in Housing Natural ee 
Allowances — Subsidies Science afetion 
Noni 4. How to apply 

60 200 300-500 80-120 

40 140 100-300 60-100 

20 80 80-200 40-60 


Note: 1. Unit: 10,000 RMB, all before taxes. 


2. The above funds do not contain subsidies for projects supported by national, provincial or 
municipal programs, or the university’s awards for high-level achievements of over fulfilled 


scientific research task. 


5. Contact Information 

Contact: Mr. Hong, Mr. Wang 

Tel: 86-592-6161099, 
86-595-22692370 

Email: hqursc@126.com 


the subject “name + disciplines applied+ position level”. 
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Marine Biological Laboratory | @cuicaco 


Hibbitt Early Career 
Fellows Program 


The Marine Biological Laboratory invites applications to its Hibbitt 
Early Career Fellows Program, designed to allow exceptional early career 
scientists the opportunity to establish their own research programs as an 
alternative to traditional postdoctoral positions. Postdoctoral scientists or 
recent Ph.D. graduates with proven research excellence will be given 
space, resources, and support needed to run independent labs under 
the mentorship of a network of scientists. Fellows will not have formal 
teaching or administrative responsibilities, but will be eligible to teach in 
MBL courses and workshops. 


Fellows will take advantage of MBL's unique research environment and 
resources, in the context of a collaborative and interdisciplinary network of 
investigators, and will be able to apply for external funding as P.I. or co-P.I. 
to add strength to their research programs. 


Applications are encouraged in research areas that can benefit from 
and contribute to MBL's strategic strengths in ecology and biological 
sciences (mbl.edu/strategic-themes). 


MBL is especially committed to consideration of candidates from historically 
underrepresented talent pools, including women and minority candidates. 


Applications will be accepted starting 


March 15, 2018 


For information and application: 


mbl.edu/hibbittfellows 


The MBL is an independent research institution located in Woods Hole, MA 
and is an affiliate of the University of Chicago. 


ya UTMB 


The University of Texas Medical Branch 


MOLECULAR BACTERIOLOGY AND IMMUNOLOGY 
FACULTY POSITIONS 


The Department of Microbiology & Immunology at the University of 
Texas Medical Branch (UTMB), Galveston, is seeking to recruit tenure- 
track faculty at the academic rank of Assistant, Associate or Full Professor 
with MD, PhD, DVM or equivalent degrees. The preferred research 
areas of bacteriology include bacterial genomics, virulence, antibiotic 
resistance, and microbiomes. The preferred research areas of immunology 
include the molecular basis of innate and adaptive immunity to pathogen 
infection and autoimmune diseases. The successful candidates should 
be highly productive with an established record of extramural funding 
or the potential to establish robust, funded research programs in the 
desired research areas. The successful applicants should be amenable to 
collaborative studies with other investigators studying the pathogenesis 
of infectious diseases, as well as teaching and mentoring graduate and 
medical students. Salary and academic rank are commensurate with 
experience, and an excellent benefits and start-up package is offered. 


UTMB has several highly interactive research centers, biomedical 
institutes, and a national biocontainment laboratory with excellent 
infrastructure to conduct research at BSL2, -3 and -4 on diverse animal 
models of infectious diseases. The Department, with 31 full-time faculty 
members, is ranked among the top of its peer departments in NIH funding. 
Interested candidates should apply to Job id #59447, Professor via the 
UTMB careers website at https://www.utmb.edu/careers/ 


UTMB Health strives to provide Equal Opportunity Employment 
without regard to race, color, national origin, sex, age, religion, 
disability, sexual orientation, gender identity or expression, genetic 
information or veteran status. As a VEVRAA Federal Contractor, 
UTMB Health takes affirmative action to hire and advance women, 
minorities, protected veterans and individuals with disabilities. 


Government of India 
MiG Ministry of Science & Technology 
<a Department of Biotechnology 


RAMALINGASWAMI RE-ENTRY FELLOWSHIP : 2017-2018 


Applications are solicited from Indian nationals working in overseas research 
institutions for the “Ramalingaswami Re-entry Fellowship’, a Re-entry 
scheme of the Department of Biotechnology (DBT), Ministry of Science & 
Technology, Government of India. 


Aim of the Fellowship 

The scheme is conceptualized with the aim of attracting highly skilled 

researchers (Indian Nationals) working overseas in various cutting edge 

disciplines of biotechnology (agriculture, health sciences, bio-engineering, 

energy, environment, bioinformatics and other related areas), by providing them 

an attractive avenue to pursue their R&D interests in Indian institutions. 

Who is eligible to apply ? 

The applicant should possess a Ph.D., /M.D., or equivalent degree with an 

outstanding track record as reflected in publications and other recognitions and 

with at least three years of post-doctoral research experience of which last two 

years should be from overseas laboratory. 

Only candidates (Indian nationals) working overseas are eligible to apply. Those 

who have already returned to India within one year of the closing date of 

this advertisement but without a job are also eligible. 

Researcher's upto 45 years of age as determined on closing date of application 

are eligible to apply. 

Incentives of being a Ramalingaswami fellow 

e Thisis a senior fellowship programme, and awardees are to be considered equivalent 
toAssistant Professor/Scientist-D level officer. Fellows selected are entitled to take up 
teaching/research assignments and supervising Doctoral/MS students. 
The scheme provides a consolidated monthly remuneration of Rs. 1,00,000/- 
p.m. In addition, a House Rent Allowance of Rs. 18,500/- p.m. is given to fellows. 
In case host institute provides accommodation to the fellow, no house rent 
allowance is admissible. The fellowship is taxable as per Govt. of India rules. 
Fellows will receive a research/contingency grant of Rs. 10.00 lakhs for 
the 1st & 2nd year; Rs. 7.50 lakhs for 3rd & 4th year; Rs. 5.00 lakhs for 5th 
year for purchase of consumables, minor equipment, international and 
domestic travel, engaging manpower and other contingent expenditure to 
be incurred for the implementation of research proposal which is a part of 
fellowship and Institutional overhead Rs. 50,000/ year. 
DBT encourages host institutions to provide medical benefits, transport 
allowance, leave travel allowance and other benefits as per their prevailing 
norms as applicable to their employees of the rank equivalent to Assistant 
Professor/Scientist D out of their own resources/ funds. 
Fellows retain an option for drawing either the fellowship or salary if they are 
appointed at a suitable permanent scientific position. Fellows opting for 
salary can continue to avail the research /contingency grant with prior 
approval of DBT. 
Ramalingaswami Re-entry Fellows could take up fellowship at any of the 
scientific institutes/ universities in the country. However, application should be 
duly forwarded by the competent authority of the host Institute. Fellows/Awardee 
can change his/her host institute only once during the tenure of the fellowship 
with the prior no objection certificate from the host institute who has forwarded 
the application (Director/Registrar/Vice-Chancellor/Dean as the case may be). 
Only one nomination will be considered. 
Awardees are eligible to apply for research grant/s to any of the funding 
agencies provided Co-Pl is a permanent employee of the host institution. 


Tenure of fellowship 

Fellows can draw fellowship for a term of five years. Fellowship is further 
extendable for another two years on a fresh appraisal of performance of the 
fellow; only fellowship & HRA will be admissible during extension period. No 
research/contingency grant will be provided during the extension period. Those 
who are able to secure permanent positions will not be considered for 2nd term. 


How to apply 

Applications may be sent as per proforma downloadable from DBT website 
(www.dbtindia.nic.in) and duly forwarded by the competent authority to Dr. 
Meenakshi Munshi, Adviser/Scientist “G” Department of Biotechnology, 
Block-2, 7th Floor, CGO Complex, Lodhi Road, New Delhi -110 003, both as a 
hard copy as well as Soft copy. The applications not forwarded by the host 
institution will not be considered. Soft copy to be mailed at Email :- 
risfellowship.dbt@nic.in only as a single pdf file latest by 15th May, 2018) 
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WORKING LIFE 


By Luke O’Loughlin 
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No one is an island 


y supervisor waved goodbye and boarded a plane. I had just started my Ph.D. studying 

invasive species on a remote oceanic island, where I would be spending most of the next 

3 years bashing through rainforest to count invertebrates. My supervisor had done his own 

Ph.D. here on Christmas Island in the Indian Ocean 2 decades earlier. He had found me a 

place to stay and introduced me to the handful of other ecologists who were managing the 

national park or conducting their own research, but I wasn’t working directly with them. 
Everyone else attached to my project was more than 5000 kilometers away—and so were my friends, 
family, and entire support network. I told myself I could manage on my own. 


Despite my enthusiasm about my 
research, it wasn’t long before I 
began to feel lonely. At times, I 
struggled to find the motivation to 
get out into the field. I was suffer- 
ing from a sense of isolation that is 
not uncommon for Ph.D. students, 
which in my case was amplified by 
literal isolation. 

I hesitated to reach out to the 
locals—a small community that 
developed after the island was first 
settled at the end of the 19th cen- 
tury. I was worried that socializing 
would distract from my work, and 
I was nervous that the locals might 
not welcome an “outsider.” But I 
eventually realized that the only 
way I would get through my remote 
Ph.D. was to reach out and create a 
new support network. 

My first move was to visit the 
epicenter of any small remote community: the local pub. 
One afternoon, after a long day in the field, I finally 
dropped in for a beer. Almost immediately, someone asked 
how long I had been working at the power station. I was 
confused, but then I realized I was wearing a work shirt 
bearing the company logo, which I had gotten at the sec- 
ondhand shop. We both had a laugh after I explained who 
I was and what I was doing. This shirt confusion turned 
out to be a great conversation starter: I ended up having 
that same introductory chat with a bunch of people over 
the next few weeks. Soon, each visit to the pub involved 
catching up with friends and talking about different 
aspects of my research, which helped keep me motivated 
about my work. 

Connecting with the community helped with more than 
just my emotional well-being. When I asked a new friend 
to help me assemble some fences I needed for my experi- 
ments, for example, he said he was more than happy to— 


“The only way I would 
get through my remote Ph.D. 
was to reach out.” 


but not if he needed to do it the 
way I had planned. My friend, who 
was a builder, suggested a bunch 
of practical improvements to the 
design, and together we were able 
to get the fences up with much less 
trouble. I don’t think I would have 
been able to get the experiment 
done without him. 

My final step in becoming a full 
member of the Christmas Island 
community was to give something 
back. Quite a few people on the 
island played music, and afternoon 
acoustic guitar shows were not un- 
common, but rock ’n’ roll gigs at 
the pub were unacceptably rare. So 
along with some friends, I sniffed 
out equipment scattered around 
the island; helped organize musi- 
cians into bands; and headlined the 
show with a raucous set of White 
Stripes songs, complete with my own blues guitar stylings 
(although attendees were far more impressed by the drum- 
mer’s skills). It felt like everyone on the island attended the 
show, and some were still talking about it years later. 

Since finishing my Ph.D., I have moved twice for 
research positions, and each time I have found myself 
in new communities. The surroundings haven’t been as 
extreme, but again, in the beginning, I was tempted to 
ignore any feelings of isolation and focus solely on work. 
But I knew better. I remembered how reaching out to the 
welcoming and supportive local community during my 
Ph.D. not only helped me get through the isolation, but 
also improved the quality of my work. And whenever I felt 
like a stranger, I made a point of visiting the pub. & 


Luke O’Loughlin is a postdoctoral fellow at the Australian 
National University in Canberra. Do you have an interesting 
career story? Send it to SciCareerEditor @ aaas.org. 
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